Mechanical behavior of an agricultural soil by Rajaram, Govindarajan
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1991
Mechanical behavior of an agricultural soil
Govindarajan Rajaram
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agriculture Commons, and the Bioresource and Agricultural Engineering Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Rajaram, Govindarajan, "Mechanical behavior of an agricultural soil " (1991). Retrospective Theses and Dissertations. 9570.
https://lib.dr.iastate.edu/rtd/9570
INFORMATION TO USERS 
This manuscript has been reproduced from the microfihn master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from aiy type of computer printer. 
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction. 
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book. 
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order. 
University Microfilms International 
A Bell & Howell Information Company 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 
313/761-4700 800/521-0600 

Order Number 9126238 
Mechanical behavior of an agricultural soil 
Rajaram, Govindarajan, Ph.D. 
Iowa State University, 1991 
U M I  
SOON.ZeebRd 
Ann Arbor, MI 48106 

NOTE TO USERS 
THE ORIGINAL DOCUMENT RECEIVED BY U.M.I. CONTAINED PAGES 
WITH SLANTED PRINT. PAGES WERE FILMED AS RECEIVED. 
THIS REPRODUCTION IS THE BEST AVAILABLE COPY. 

Mechanical behavior of an agricultural soil 
by 
Govindarajan Rajaram 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Department: Agricultural Engineering 
Major: Agricultural Engineering 
(Agricultural Power and Machinery) 
Char^ge of Major Work 
'r the Major Di tment 
For the Graduate College 
Iowa State University 
Ames, Iowa 
1991 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
PAGE 
GENERAL INTRODUCTION 1 
Objectives 3 
Dissertation Format 4 
PART I. ROLE OF INDIGENOUS TILLAGE SYSTEMS IN SUSTAINABLE 
FOOD PRODUCTION 7 
ABSTRACT 8 
INTRODUCTION 9 
MODERN TILLAGE PRACTICES 12 
Conventional Tillage 12 
Conservation Tillage 14 
INDIGENOUS TILLAGE PRACTICES IN INDIA 17 
COMPARISON OF MODERN TILLAGE SYSTEMS IN THE U.S. AND INDIGENOUS TILLAGE 
SYTEMS IN INDIA 20 
CONCLUSIONS 23 
REFERENCES . 24 
PART II. SOIL FAILURE BY SHEAR VERSUS SOIL MODIFICATION BY 
TILLAGE 31 
ABSTRACT 32 
INTRODUCTION 33 
CLASSICAL SOIL MECHANICS 34 
PERFORMANCE OF TILLAGE TOOLS 38 
AGRICULTURAL SOIL FAILURE AND TILTH 42 
CONCLUSIONS 44 
REFERENCES 45 
i l l  
PART III. DRYING STRESS EFFECT ON SOIL PHYSICAL 
PROPERTIES 51 
ABSTRACT 52 
INTRODUCTION 53 
MATERIALS AND METHODS 55 
RESULTS AND DISCUSSION 58 
CONCLUSIONS 62 
REFERENCES 63 
PART IV. DRYING STRESS EFFECT ON SOIL MECHANICAL 
BEHAVIOR 82 
ABSTRACT 83 
INTRODUCTION 84 
MATERIALS AND METHODS 86 
RESULTS AND DISCUSSION 90 
Soil Property Changes Caused by Tine 90 
Tine Performance 92 
CONCLUSIONS 94 
REFERENCES 95 
PART V. HYSTERESIS IN SOIL MECHANICAL BEHAVIOR 115 
ABSTRACT 116 
INTRODUCTION 117 
MATERIALS AND METHODS 119 
RESULTS AND DISCUSSION 121 
CONCLUSIONS 125 
REFERENCES 126 
i  V  
PART VI. A MINI SOIL-BIN FOR MODEL TOOL-SOIL INTERACTION 
STUDIES 140 
ABSTRACT 141 
INTRODUCTION 142 
DESCRIPTION OF THE APPARATUS 144 
Tool Carriage Design 144 
Design of the Controls 145 
Design of the Soil Bin 145 
CONCLUSIONS 147 
REFERENCES 148 
GENERAL SUMMARY 153 
GENERAL REFERENCES 155 
ACKNOWLEDGEMENTS 160 
APPENDIX A. SAMPLE STATISTICAL ANALYSIS 162 
APPENDIX 8. ADDITIONAL FIGURES 168 
APPENDIX C. RAW DATA 172 
1 
GENERAL INTRODUCTION 
About half of the human beings on earth have an inadequate diet, and 
millions live constantly at the edge of starvation. The pace of world 
population growth demands an active response to the need for accelerated 
agricultural productivity in developing countries. 
In developed countries, farmers practice various tillage methods such 
as plowing, pulverizing, stirring and leveling prior to planting. Most of 
these tillage operations involve large investments in equipment, labor and 
energy. Conventional tillage practices often make the soil susceptible to 
wind and water erosion, resulting in ever-reducing top soil depth. Eroded 
soil pollutes water, and the intensive chemicalization of agriculture 
during the past two decades has resulted in pollution of water and air with 
chemicals. Scientific studies have shown that tillage should be limited to 
those operations that are timely and essential to producing the crop and 
that avoid damage to the soil. The reduction in frequency and intensity of 
tillage is generally termed "conservation tillage". 
In developing countries, such as India, agricultural labor is readily 
available; any farm practice to displace laborers will cause rural 
unemployment. In addition, land-holding size is so small that farmers, 
with their cattle and family labor, can handle most farming operations. 
Farming in India has been done for thousands of years. The soil is still 
fertile. There is very little soil erosion. Use of light equipment and 
cattle have not caused soil compaction. Ironically, Indian farmers have 
been practicing a form of conservation tillage necessary for sustainable 
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food production. However, over the past five decades or so, farmers have 
been adopting excessive tillage practices introduced by the British. 
It is the responsibility of agricultural engineers to develop a 
scientific understanding of tillage. This is needed to achieve 
sustainability in food production. The first part of this research 
involved surveying the literature on various tillage methods practiced in 
developed and developing countries with a specific objective of 
investigating the role of these methods in sustainable food production. To 
develop a theoretical understanding of tillage mechanics, it is essential 
to understand the effect of various factors influencing soil mechanical 
behavior. To select an appropriate tillage practice, given a type-of-soil 
and plant combination, the soil physical properties or tilth resulting from 
a tillage operation has to be known. To define and quantify soil tilth 
changes, it is important to understand soil failure mechanisms and 
associated soil property changes resulting from tillage. 
Literature suggests that (i) soil type; (ii) soil moisture content; 
(iii) implement type; and (iv) implement speed have significant influence 
on soil mechanical behavior. It is felt that stress, created by soil 
compaction and wetting and drying cycles, may have a strong influence on 
soil mechanical behavior. The second part of this research was done to 
determine the effect of soil stress, created by one cycle of wetting and 
drying, on soil mechanical behavior. 
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Objectives 
Specific objectives of this research were: 
(1) To assess the need for various tillage systems being practiced in 
developed and developing countries, and to suggest indigenous knowledge in 
developing countries should be incorporated in developmental projects. 
(2) To review literature on the science of tillage mechanics, to 
define the purpose of tillage from the soil tilth point of view, and to 
suggest how future research should be directed. 
(3) To determine if physical properties of dry soil depend upon 
stresses caused by wetting and drying. 
(4) To quantify the effect of drying stress on soil physical property 
changes. 
(5) To determine if soil mechanical behavior, as indicated by a model 
tine performance, is significantly influenced by drying stress. 
(6) To quantify the difference in soil mechanical behavior resulting 
from a model tine performance in unwetted and dried soils. 
(7) To identify the phenomenon of hysteresis and quantify its effect, 
caused by wetting and drying, in soil mechanical behavior, as influenced by 
a model tine. 
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Dissertation Format 
This dissertation consists of six parts. Each part was written in a 
manuscript format such that they all can be readily submitted for 
publication. 
Part I, "Role of Indigenous Tillage Systems in Sustainable Food 
Production", compares and contrasts conventional and conservation tillage 
systems in the U.S. with the indigenous tillage systems practiced in the 
author's home country, India. The research reported in Part I concludes 
that: (i) indigenous tillage systems practiced in India have 
characteristics superior to highly mechanized conventional tillage 
practiced in the U.S.; and (ii) conservation tillage systems, currently 
being developed in the U.S. with new perspectives of sustainable approach 
to food production, is similar to indigenous tillage systems developed in 
India by local farmers hundreds of years ago. The paper suggests that the 
policy makers in developing countries should consider indigenous knowledge 
for sustainable development. 
Part II, "Soil Failure by Shear Versus Soil Modification by Tillage", 
is a revised version of the paper "Civil Versus Agricultural Engineering 
Concepts of Soil Failure" presented as ASAE paper number MC90-100 in March 
at the 1990 Mid-Central Conference of the American Society of Agricultural 
Engineers. This paper takes a critical look at existing theoretical 
developments in agricultural soil mechanics. In defining the purpose of 
tillage, from the soil tilth point of view, the paper suggests the need for 
the theoretical models to predict soil modifications caused by a given 
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tillage operation. The author's previous research in this area, several 
seminars conducted in the Department of Agricultural Engineering, and the 
discussions at the National Soil Dynamics Laboratory, Auburn, Alabama, were 
the basis for writing this paper. 
Part III, "Drying Stress Effect on Soil Physical Properties", reports 
the experimental results obtained while studying the soil physical property 
changes resulting from drying stress induced by one cycle of wetting and 
drying. The results showed that soil physical properties changed 
significantly when the experimental clay-loam soil was wetted and dried, as 
compared to the same unwetted soil. The change in property was greater if 
the wetting moisture was greater. To quantify this effect, an index, 
called drying stress index, was defined. 
Part IV, "Drying Stress Effect on Soil Mechanical Behavior", is a 
continuation of the study reported in Part III. In this paper the forces 
on a simple model tine, as well as soil modification caused by the tine, is 
reported. The study showed that soil modification by a tine was 
significantly changed by drying stress caused by a single cycle of wetting 
and drying. Dried soils produced large unstable aggregates. The paper 
also reports the variation in tine draft and failure mechanisms. 
Part V, "Hysteresis in Soil Mechanical Behavior", reports the 
existence of the phenomenon of hysteresis in soil mechanical behavior 
resulting from wetting and drying. Results showed that, when a tine is 
pushed through the soil, its performance depends not only on moisture 
content, but also on whether that moisture state was obtained by wetting a 
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dry soil or by drying a wet soil. The paper reports the variation in tine 
draft and soil failure mechanisms, and reasons the phenomenon of 
hysteresis. 
Part VI, "A Mini Soil Bin for Model Tool-Soil Interaction Studies", is 
a description of the design and development of the soil bin facility used 
for the research reported in Parts III, IV and V. 
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PART I. ROLE OF INDIGENOUS TILLAGE SYSTEMS IN SUSTAINABLE FOOD PRODUCTION 
8 
ABSTRACT 
Farmers in developed countries have established various tillage 
practices for crop production. These include plowing, disking, subsoiling, 
harrowing, field cultivating, rotary hoeing, and row-crop cultivating. But 
these conventional tillage practices necessitate the use of heavy equipment 
which often causes soil compaction, impairs soil physical conditions, and 
creates conditions leading to soil erosion. Many Western countries, 
studying their conventional tillage systems through the new perspective of 
sustainable approaches to agriculture, are developing new tillage 
practices, called conservation tillage, which limit tillage to essential 
operations and prevent damage to soil. The majority of the small-scale 
farmers in developing countries use indigenous tillage systems. These are 
low-cost, locally adopted technologies which reflect considerable knowledge 
of sustainable agriculture. Ironically, the new conservation tillage 
systems currently being developed in the West have many characteristics of 
indigenous tillage systems. This paper compares conventional, conservation 
and indigenous tillage practices, and concludes that, for sustainable food 
production, indigenous tillage practices in developing countries should 
continue to be used. 
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INTRODUCTION 
The majority of the small-scale farmers in developing countries use 
indigenous tillage systems. These are low-cost, locally adopted 
technologies which reflect considerable knowledge of sustainable approaches 
to natural resource management. Only recently have these technologies 
begun to attract the attention of agricultural engineers. While many 
Western countries are studying their conventional tillage systems through 
the new perspective of sustainable approaches to agriculture, the 
governments of developing countries continue policies urging the adoption 
of highly mechanized tillage systems developed in the West. Ironically, 
the new conservation tillage systems currently being developed in the West 
have many characteristics of indigenous tillage systems. 
Tillage may be defined as a mechanical operation making soil more 
favorable for plant growth. Most farmers select tillage operations 
depending on soil type, climate, indigenous farming practices, and economic 
and socio-cultural conditions. In developed countries, farmers have 
established various conventional tillage operations. These are: primary-
tillage practices such as moldboard plowing, chisel plowing, disking, and 
subsoiling; secondary-tillage practices such as disk harrowing, field 
cultivating, and spike-tooth harrowing; and cultivation practices, such as 
rotary hoeing and row-crop cultivation. Farmers seem to have worked out 
practices according to customs, crops, soils, locations, personal 
attitudes, and other influences. There is little scientific understanding 
of various tillage operations, however (Hamblin, 1984; Carman, 1983; 
Rajaram and Gida, 1989). 
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Estimates of the world's potentially cultivable land range from 3200 
to 5000 million ha, of which only 1400 million ha is used for food 
production today (Lai, 1983). In developing countries of the tropics, 
potentially cultivable land estimates range from 1500 to 1800 million ha, 
and only about 700 million ha is currently used for food production (FAO, 
1979). Improper soil-management techniques, including poor tillage 
practices, have resulted in unproductive land. This is particularly true 
in developed countries. Soil erosion, salinization, and urbanization cause 
degradation of agricultural land at a rate of 6 million ha per year (FAO, 
1979). 
Intensive tillage of soil is a recent practice in the history of world 
agriculture. The earliest systems of crop production were essentially 
reduced tillage (Phillips et al., 1980), and in many developing countries 
minimum tillage has been traditionally practiced (Warren, 1983). For 
example, in India, there are three main types of cultivation: dryland 
cultivation, which depends entirely on rainfall; wetland cultivation in the 
deltas; and gardenland cultivation, which is irrigated by wells. Tillage 
of dryland is generally shallow, irrespective of soil type. Indian farmers 
have traditionally believed that deep tillage is harmful. Through 
thousands of years of farming experience, they know that merely scratching 
the soil surface produces sufficient tilth for the seeds to sprout, 
destroys the weeds, and at the same time conserves the moisture on which 
the success of cropping under rainfed conditions depends. Farmers of 
wetlands are very careful not to break up the heavy paddy soils by plowing 
during the fallow period, because they have found by experience that such a 
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practice reduces the yield of successive paddy crops. 
In most developing countries, attempts to replace shifting cultivation 
-- which restores soil fertility and productivity by allowing cropland to 
periodically revert to natural fallow -- with large-scale farming has met 
with limited success or, in some cases, failure (Olaniyan, 1983). In 
developing countries like India, rural labor is readily available, farm-
holding size is small, and smallholder farmers require a profitable, low-
risk farming system with low capital investment (Ogborn, 1983). For these 
reasons, among others, careful consideration must be given to transferal of 
food-production techniques from developed to developing countries. 
Techniques taking into account current socio-economic conditions, as well 
as sustainable land use, must be considered. 
The objective of this paper is to compare and contrast contemporary 
conventional and conservation tillage systems in the USA with indigenous 
tillage practices in India. 
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MODERN TILLAGE PRACTICES 
Conventional Tillage 
In the U.S., the first primary tillage implement, the moldboard plow, 
a tool used mainly to invert soil prior to planting, was invented in 1796 
(Phillips and Phillips, 1984). In the early days of U.S. agriculture, 
plowing was economical. But the great agricultural depression of the 1920s 
and 1930s can in part be attributed to excessive plowing and lack of soil 
conservation practices (A.A.V.I.M., 1983). In 1935, the U.S. government 
responded to the erosion problem by forming the Soil Conservation Service. 
Although the conventional moldboard plow lost popularity during the 1950s, 
plowing remains a common practice (Behn, 1982). For more than a century 
and a half, primary tillage implements have been refined, and various 
secondary tillage implements developed. The conventional tillage 
implements developed during the last four decades have been described by 
Krause et al. (1984). 
Farming with moldboard plowing and other primary tillage practices 
involve heavy investments in equipment, labor, and energy (Wiese, 1983). 
Conservationists and environmentalists are concerned about the impacts of 
such systems on the environment (Gill, 1967). Overtilled soil is 
unprotected during the time of year when rainfall and wind velocity are 
greatest. Soils composed of over 70 percent sand are most susceptible to 
wind erosion, whereas soils with less sand and greater clay or organic 
matter contents are more stable (Phillips and Phillips, 1984). The 
vulnerability to wind and water erosion of excessively tilled soil has led 
to water and air pollution by soil. The intensive use of agricultural 
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chemicals, with all tillage systems, during the past two decades has also 
resulted in air and water pollution by chemicals (Phillips and Phillips, 
1984). 
The traffic of tractors and other agricultural equipment may cause 
soil compaction and thus increase soil densities (Garman, 1983). 
Compaction impairs physical condition of soil and its fitness to produce 
(Hamblin, 1984). Soil compaction from the hammering effects of raindrops 
seals the surface of residue free soils, reducing water intake (Phillips 
and Phillips, 1984). 
There are customary reasons for plowing and other conventional tillage 
practices. To begin with, tillage controls weeds which compete with crops 
for space, plant food, light, and water (Akobundu, 1980). But Phillips and 
Phillips (1984) point out that a powerful tractor pulling a moldboard plow, 
a chisel plow, or a disk is an excessive amount of machinery and investment 
to provide temporary suppression of weeds. It is also believed that row 
crop cultivation may result in crop root pruning (William and Warren, 1975, 
Hamdoun and El Tagani, 1977). 
Furthermore, plowing is sometimes done for incorporating crop residues 
into the soil. In fact, leaving the residues on the surface can reduce 
erosion (Mannering, 1979; Lai, 1981) and conserve soil moisture (Lai, 1981; 
Gingrich et al., 1981). Some studies, however, indicate that residue can 
hinder equipment operation (Erbach et al., 1983) and crop growth (Erbach et 
al., 1986). Additionally, some farmers plow to aerate the soil. But 
plowing and other deeper tillage methods develop a layer of soil several 
inches deep with poorer than normal structure and with reduced permanent 
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porosity (Hamblin, 1984). Farm members, family or hired workers, often 
cultivate, sometimes excessively, because it keeps them busy until 
something more important needs to be done (Phillips and Phillips, 1984). 
Finally, farmers believe plowing produces better tilth conditions for 
plant growth (Phillips and Phillips, 1984). Investigations of soil physics 
and biology indicate the contrary, however. Experiments have shown that 
excessive tillage harms soil physical conditions (Packer et al., 1985) and 
causes aggregate disintegration (Harris et al., 1965). Lai (1976, 1979) 
reported that, because plowing does not allow organic matter renewal from 
decaying crop residues to take place naturally within the soil, more 
tillage leads to poorer soil structure. Subsoiling may be used to break 
deep natural hardpans to improve soil water movement (Vittal et al., 1983). 
In contrast, research at the National Soil Dynamics Laboratory at Auburn, 
Alabama, indicates that some hardpans have been aggravated by improper 
tillage methods (Phillips and Phillips, 1984). 
Conservation Tillage 
Sustainable agriculture implies profitable farming on a continuous 
basis while preserving the natural resource base (Edwards et al., 1990). 
Reductions in frequency and intensity of tillage are generally termed 
"conservation tillage". Conservation tillage systems include minimum 
tillage and no-tillage. The meaning of minimum tillage depends upon the 
degree to which unessential tillage operations are eliminated. A formal 
definition is "reducing tillage to only those operations that are timely 
and essential to producing the crop and avoiding damage to the soil" 
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(Phillips and Phillips, 1984). 
Adoption of minimum tillage by farmers in developed countries has been 
slow. About two generations ago, four to five cultivations were considered 
necessary for row crops. Gradually, the number of cultivations considered 
necessary was reduced from five to three and finally to one or two. The 
extent of disking and other soil manipulations considered necessary for 
seedbed preparation was also gradually reduced (Phillips and Phillips, 
1984). For reasons that are not clearly established, most of the early 
minimum tillage methods were never used by a large number of farmers, in 
spite of intensive educational efforts by agricultural institutions and 
agencies (Phillips and Phillips, 1984). 
No-tillage results in the least soil disturbance. Young (1973:143) 
defines no-tillage as "placing the crop seed or seed transplant into the 
soil by a device that opens a trench or slot, through the soil and previous 
crop residue, only sufficiently wide or deep to receive the seed or 
transplant roots and to provide satisfactory seed or root coverage. No 
soil manipulation is required. Weeds are controlled by herbicides, crop 
rotation, and plant competition." 
No-tillage, if continued for several years, has seemed to improve 
surface soil physical conditions. More stable aggregates in the topsoil, 
associated with increased organic matter content, have been reported 
(Douglas and Goss, 1982; Ellis and Howse, 1980). No-tillage leaves mulch 
on the surface, which in turn conserves soil moisture (Lai, 1981; Gingrich 
et al., 1981). 
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Shipitalo and Protz (1987) found that no-tillage practices result in a 
reduction of macroporosity. They also reported, however, that no-tillage 
increased bioporosity resulting from burrowing of earthworms and that 
increased zoological activity will partially compensate for reduced 
porosity. Singh et al. (1984) noticed a higher water infiltration rate 
under no-tillage. 
No-tillage systems have been developed in Europe (Wiese, 1983), Japan 
(Brown and Quantrill, 1973), Australia, and New Zealand (Malcolm, 1971). 
Experiments have shown that no-tillage produces at least as much crop yield 
as can be obtained by conventional tillage (Allen et al., 1975; Campbell et 
al., 1984; Erbach, 1982; Gingrich et al., 1981; Shenk and Locatelli, 1980; 
Unger and McCalla, 1979) although certain experiments have shown the 
opposite (Erbach, 1982). Wiese (1983) studied the economics of no-tillage 
farming and reported that no-tillage was more economical because of the 
reduction in the cost of labor, fuel, and machinery. This is particularly 
true when no-tillage produces similar or greater yields than conventional 
tillage (Colvin et al., 1990; Jolly et al., 1983). Using conventional and 
no-tillage farming. Couper et al. (1979) studied maize production in 
southwestern Nigeria. They reported that plowing and harrowing accounted 
for 35% of the total production cost in the case of conventional farming 
although the yields for both types of farming were nearly the same. 
Gazziero et al. (1983) reported that no-tillage is the most economical 
tillage system. 
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INDIGENOUS TILLAGE PRACTICES IN INDIA 
Indigenous tillage practiced in India is based upon local technical 
knowledge -- knowledge that is based on hundreds of years of farming 
experience. Wallace (1888) documented various types of indigenous tillage 
implements used in India. 
Indian farmers use an indigenous plow for most of the operations 
required to prepare their land. The small iron point of the plow digs into 
the earth in a narrow furrow, and the following wedge-shaped body pushes 
the loosened soil to its left and right. The soil pushed to the right is 
left as a furrow slice and is only partly turned. As the tool returns, the 
portion formerly pushed to the left is pushed to the right to make a new 
slice. As the work progresses, each furrow entails the digging up of a 
little new earth and the pushing to the right of some of this earth, 
together with that previously moved to the left. Six to nine inches of 
soil are taken at each furrow. When the field has been given one chas\ 
the surface of a soft soil may appear uniformly tilled, although below the 
surface, the depth of tillage depends on whether the point of the implement 
passed there or not. 
Where the land is hard, one can see on the surface how little of the 
land is actually affected in each chas. In this instance, a second chas at 
right angles to the first is needed, and possibly a third and a fourth are 
necessary. The fact that there is only one narrow point working the soil 
makes it necessary for farmers and cattle to traverse the field many times 
^Chas is a term describing the passage through the soil of any 
implement, the points of which enter the soil, and by which the soil is 
broken, or stirred, or moved. 
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before they have moved all the soil to a depth of five inches. Because of 
high soil resistance, or draft, of paddy soils, cattle cannot pull larger 
tools. 
According to modern soil science, indigenous tillage practices often 
make sense. If the land is plowed with the object of immediately sowing 
the seed, it has to be broken by harrowing the same day. Otherwise, furrow 
slices are baked to a bricklike condition. It is very difficult to 
pulverize such dried aggregates into the condition required for proper 
germination. If the land is in hard lumps, large or small, the extremely 
tender roots emerging from seeds cannot penetrate or extract nutrients from 
it. Yusuf (1982), studying various tillage systems, has confirmed that 
under conventional tillage, plants might suffer from rapid depletion of 
soil moisture from the top layer of soil. Indigenous implements do not 
expose soil moisture at lower layers, which enables plants to endure 
drought. 
Indigenous implements are made to stir the soil without turning it 
over. Most Indian soils, if not turned over, provide a seedbed for the 
young plants by preserving soil moisture during the hot weather (Caird, 
1887). Conservation of moisture is particularly important where dryland 
can be worked only after rain and where the crop must be sown immediately. 
For example, the southwest monsoon usually breaks in June. In most places, 
working of the land in preparation for cotton begins immediately and 
continues during the break between early rains. If the land is not ready 
by the middle of June, farmers can expect a poor return. 
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Indigenous implements leave plant mulch on the soil surface. 
Scientific studies have shown that there are several advantages to such a 
method: (1) mulch, upon decomposition, releases nutrients beneficial to 
plant growth (Alexander, 1961; Jacks et al., 1955; Griffith, 1951; Stewart 
et al., 1966); (2) mulch increases water infiltration by reducing raindrop 
impact and preventing surface crusting (Agbola and Udom, 1967); (3) mulch 
prevents rapid soil-moisture evaporation (Rajput and Singh, 1970); and (4) 
mulch reduces erosion (Mannering, 1979; Lai, 1981). 
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COMPARISON OF MODERN TILLAGE SYSTEMS IN THE U.S. AND INDIGENOUS 
TILLAGE SYSTEMS IN INDIA 
The debate on the appropriateness of indigenous implements in India 
began in the late 19th century, when Western technology was being 
introduced by colonial officers (Wallace, 1888; Johnston, 1938). 
In modern agriculture, a ridge plow, as its alternative name, double 
moldboard plow implies, is used so that the strip of earth cut by the share 
is split by these moldboards, part thrown to the right and part to the 
left, leaving an open furrow behind the share. Drawing this plow back and 
forth along lines parallel to each other results in the land being thrown 
up into ridges and furrows. In modern agriculture, a cultivator is used to 
stir the soil for weed control. Cultivation buries small weeds and exposes 
roots of large weeds to drying. The action of the cultivator causes little 
change in soil surface level. The indigenous plow is a compromise between 
these two types of modern implements. Fig. 1.1 shows a typical country 
plow and modern moldboard plow, which are animal-drawn. 
The indigenous plow is similar to a single-point cultivator, whose 
wooden body acts as rough double moldboards and whose action is mainly that 
of a cultivator although the wedge shape of its body pushes the soil aside 
into ridges and furrows (Cliff, 1927). Thus, the plow buries small weeds. 
A separate weeding operation is still necessary and this is done manually. 
Many attempts made by the British to introduce European plows in India 
were resisted by Indian farmers (Wallace, 1888; Johnston, 1938). Wallace 
(1888:175) stated that 
"The refusal of the ryot [farmers] to adopt the new form of 
implement has been set down to 'ignorant prejudice'; but after a 
careful and minute investigation of the facts and circumstances, I 
21 
have come to the unqualified conclusion that an extensive 
adoption of English forms of ploughs would be ruinous, and, in 
general, would probably reduce the crop yields so as to plunge the 
whole country into famine. If the land were turned up to the 
action of the sun in the wet condition in which it is now worked, 
or rather stirred, by native implements, it would in a few hours 
of hot sun be baked into the conditions of air-dried bricks. 
Alternate wetting and drying would accomplish it in time; but once 
thoroughly hard, such soil is not easily wetted, unless it is 
soaked or submerged in water. Rain falling upon it penetrates but 
a short distance. If once it assumes the baked condition, it is 
practically impossible in the short preparation time of one season 
to bring it back to a state fit to grow crops. In addition to 
this, the land is left open to dry to a greater depth." 
In India, agricultural labor is readily available; any farm practice 
to displace rural laborers will cause rural unemployment. In addition, 
land-holding size is so small that farmers, with their cattle and family 
labor, can handle most farming operations. And the agricultural implements 
used, including hand tools, are designed for this type of farming. 
Moreover, the simplicity of indigenous implements allows the village 
carpenter to fit the pole and handle and the farmer to make minor repairs. 
Comparing European plows with Indian plows, Johnston (1930:319) stated that 
"It [the European plow] is much too heavy an implement for use in 
the small field existing in the canal colonies of Punjab. Its use 
is not recommended " 
Today, minimum tillage in the U.S. seems relevant to the large 
commercial producer as well as to the small-scale farmer producing food and 
fiber. In the future, non-availability of fossil fuels will have 
implications for the spread of no-tillage systems to all parts of the 
world. No-tillage may well become one of the most important food-
production practices. 
In India, farming is thousands of years old. Many agricultural lands 
believed to have been continuously cultivated by the indigenous plow for 
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hundreds of years have been found as productive as new lands reclaimed from 
jungles (Wallace, 1888): the soil is still fertile, soil erosion is not a 
serious problem, and use of light equipment and cattle have not caused soil 
compaction. Indian implements are designed to preserve soil moisture and 
to mulch the surface to reduce erosion. Put simply, Indian farmers have 
been practicing a form of minimum tillage that produces the crop without 
damaging soil. Unfortunately, these indigenous tillage practices are being 
gradually displaced by the highly mechanized, excessive tillage practices 
of developed countries. Table 1.1 compares conventional, conservation, and 
indigenous tillage practices. 
Ironically, as Shenk and Locatelli (1980) put it, pressure to increase 
economic efficiency in the long-run is resulting in widespread acceptance 
of reduced tillage systems in countries with highly developed agricultural 
technologies: whereas in countries where reduced tillage has been practiced 
traditionally, the adoption of highly mechanized agriculture is frequently 
being advocated by policy makers. 
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CONCLUSIONS 
Because they have advantages over conventional tillage in terms of the 
sustainability of food production, reduced tillage practices are receiving 
recognition in developed countries. Conventional tillage involves both 
heavy investments in equipment, labor, and energy and the deterioration of 
soil physical conditions. Minimum tillage systems prove more economical in 
the long and short runs. In developing countries such as India minimum 
tillage has been practiced for centuries. This Indigenous tillage system, 
as well as many other of the country's traditional farming practices, 
should be maintained for sustainable development. 
Preliminary scientific evidence indicates that indigenous systems have 
characteristics superior to highly mechanized tillage practices in the 
context of sustainable approaches to agriculture in developing countries. 
Indigenous tillage systems warrant further scientific scrutiny, and 
scientists designing conservation tillage systems in the West can benefit 
from an understanding of indigenous tillage systems. 
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Fig. 1.1: Animal-drawn plows: country plow (left); moldboard plow (right) 
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Table 1.1: Various tillage systems in practice* 
Operation 
Conventional 
tillage 
Conservation 
tillage 
Indigenous 
tillage 
Minimum tillage No-tillage 
PI owing Mechanized 
(1)' 
Mechanized 
(1) 
None Animal-drawn 
(1) 
Disking Mechanized 
(2 or more) 
Mechanized, 
if done 
(0 or more) 
None None 
Planting Mechanized 
(1) 
Mechanized, 
if done 
(1 or 0): 
Mechanized 
(1) 
Manual 
Spraying Mechanized, 
if done 
(0 or more)^ 
Mechanized, 
if done (0 or l)d 
Mechanized 
(1)^ 
Manual 
Cultivating Mechanized 
(2 or more) 
Mechanized 
(1 or 2) 
None Manual 
Harvesting Mechanized 
(1) 
Mechanized 
(1) 
Mechanized 
(1) 
Manual 
^Conventional and Conservation tillages as defined by Phillips and 
Phillips, 1984. Indigenous tillage system is of India. 
''Numbers in parentheses indicate the number of times a given 
operation is performed. 
^In plow-plant systems, plowing and planting operations are 
combined. 
''Spraying after crop emergence is not included. 
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PART II. SOIL FAILURE BY SHEAR VERSUS SOIL MODIFICATION BY TILLAGE 
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ABSTRACT 
The mechanical behavior of agricultural soils has to be understood to 
quantify soil tilth. The development of theoretical soil mechanics has 
been limited to the failure of soil by shear, as applied to civil 
engineering situations. Recent soil failure studies in agricultural soils 
have shown that there are at least five different ways the soil will react 
depending upon soil type and applied stress conditions. Further, tine 
force prediction models, which are based upon passive earth pressure theory 
used in civil engineering, have been reported to be inappropriate for 
agricultural soils. The paper surveys the theoretical developments in 
agricultural soil mechanics, and suggests the need to develop new concepts 
to describe response of agricultural soils to applied stresses. 
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INTRODUCTION 
Soil failure, in simple terms, may be defined as a permanent 
deformation caused by an applied force. In civil engineering, if the soil 
supporting a retaining wall, or other structure, deforms, the structure 
fails often resulting in a disaster. In agriculture, soil to be improved 
for plant growth, is intentionally caused to fail by using specifically 
designed tillage implements (Gill and Vanden Berg, 1967). This soil 
failure may often result in significant displacement and mixing of the soil 
as well as in modification of soil structure. To date, theoretical 
descriptions of both types of soil failure have been based upon similar 
concepts of soil mechanics. During the past two decades there have been 
theoretical developments, based upon passive earth pressure theory, for 
describing tine-soil interaction (Hettiaratchi, 1988). 
Passive earth pressure theory used by civil engineers stresses failure 
of soil by shear. Soils for construction purposes are modified to be 
suitable for supporting heavy static loads and often are very different 
from agricultural soils. Agricultural soils vary from near liquid to 
extremely brittle. Experiments in agricultural soils have uncovered a 
number of failure mechanisms that cannot be explained by using shear 
failure theory (Elijah and Weber, 1971; Stafford, 1984; Salokhe and Gee-
Clough, 1987; Rajaram and Gee-Clough, 1988; Rajaram and Oida, 1989). 
The objectives of this paper are to highlight theoretical developments 
in agricultural soil mechanics, to show the need to develop new theoretical 
concepts relevant to soil failure observed in agricultural soils, and to 
show that observations in soil failure can form the bases for a better 
understanding of how tillage modifies soil tilth. 
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CLASSICAL SOIL MECHANICS 
Classical theories of soil mechanics assume that soil fails 
instantaneously once some limiting force is reached. This failure is often 
referred to as shear failure. Coulomb proposed a shear failure theory to 
simulate the yielding of soil under stress. Gill and Vanden Berg (1967) 
trace the original Coulomb theory from its postulation to the straight line 
failure envelope of the Mohr theory: 
C max = c + 0 tan 4» [1] 
where 
c = cohesion 
(Ji = angle of internal friction 
a = applied normal stress 
C max = maximum shear stress, or failure strength 
It may be noted that c and ^ are parameters of equation 1 and are 
not real physical properties of the soil (Johnson et al., 1987). The 
Coulomb's method of determining soil failure is an ingenious concept which 
helped simplify theoretical considerations at a time when relatively little 
was known about the mechanical behavior of soil. Experienced civil 
engineering practioners use calculations based on Coulomb's limiting stress 
method as aids to judgement (Chowdhury, 1980). Reassessing the limit 
equilibrium concepts in civil engineering applications, Chowdhury states: 
"It cannot be claimed that accurate or reliable predictions of stability 
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can always be made on the basis of limit equilibrium studies. However, 
this is not necessarily a reflection of basic concepts since there are 
often many uncertainties concerning strength parameters and pore water 
pressures and since minor geological details may remain undetected during 
investigation. Present knowledge about mechanisms of failure is not 
complete.. 
From the soil tilth point of view, it appears to be very important 
to understand not only the mechanism of failure but also any physical 
property changes that take place in soil resulting from tillage. Most 
research workers have assumed that the failure of agricultural soils is 
analogous to the failure of soil in civil engineering situations. They 
have developed theoretical models to describe tine-soil interaction systems 
(Payne, 1956; Reece, 1965; Hettiaratchi et al., 1966; Hettiaratchi and 
Reece, 1975; O'Callaghan and Farrelly, 1964; Godwin and Spoor, 1977; Mckyes 
and Ali, 1977; Albuquerque and Hettiaratchi, 1980; Grisso et al., 1980; 
Stafford, 1984). Hettiaratchi (1988) reviewed the development of 
theoretical models. In these models, the soil is assumed to be an ideal 
rigid-plastic medium that does not deform prior to the applied force 
reaching a maximum value. In reality, agricultural soils deform 
excessively before the applied stress reaches a maximum, and the extent of 
the deformation depends on, among other factors, soil moisture content 
(Rajaram and Gee-Clough, 1988). In addition, very little of what happens 
to soil as a result of tillage can be deduced by using these models 
(Hettiaratchi and O'Callaghan, 1980). 
Reece (1965) assumed that the mechanics of soil cutting are similar to 
bearing capacity mechanics of shallow foundations. Reece presented an 
36 
equation, which was basically of the same form as that of Terzhagi's (1965) 
bearing capacity equation except that an adhesion term was added, for 
describing the soil failure force encountered by a tillage tool. 
P = yz^N^ + czNg + azNg + qzN^ [2] 
where 
P = force per unit width 
y = soil specific weight 
z = working depth 
c = soil cohesion 
a = soil-metal adhesion 
q = vertical surcharge pressure at the soil surface 
N^, Ng, Ng and are dimensionless Reece numbers. 
Using the Reece (1965) approach, several models were developed. 
Hettiaratchi et al. (1966) presented a set of charts, using the method of 
Sokolovski (1960), for wide rake angles, o, and soil friction angles, ([). 
These assume that the failure shape is a logarithmic spiral. Later, 
Hettiaratchi and Reece (1967) developed a three dimensional model, using 
the same assumption that Reece (1965) proposed, to describe soil failure 
caused by narrow blades having a width of about one sixth of the depth of 
operation. Similar three-dimensional models were also developed by Godwin 
and Spoor (1977), Mckyes and Ali (1977), and Grisso et al. (1980). A 
comparative description of the models was presented by Mckyes (1985). 
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Hettiaratchi (1988) presented a detailed review of the developments of 
these theoretical models. All of these models assume that agricultural 
soils yield in shear by obeying Mohr-Coloumb shear failure theory. Use of 
such models for describing tine-soil interaction has been found to be 
inappropriate, mainly because agricultural soils do not fail by simple 
shear (Rajaram and Gee-Clough, 1988). 
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PERFORMANCE OF TILLAGE TOOLS 
Soehne (1956) studied the mechanics of tillage tools. For shear 
failure mechanism, Soehne developed equations to predict tillage force, 
based on the design and operational parameters of the tool and parameters 
of the soil. Payne (1956) observed soil failure caused by model tillage 
tools and reported that boundary wedges form in front of narrow tools. He 
developed draft force prediction equations assuming that agricultural soils 
fail by shear. 
Siemens et al. (1965) studied the performance of tines and compared 
the experimental results with the theory used for predicting passive earth 
pressure against retaining walls. The authors concluded that tine forces 
predicted using passive earth pressure theories were greater than the 
measured values. This was because the soil shear strength properties were 
not determined under exactly the same stress conditions that occur in front 
of tillage tines. Harrison (1982) pointed out that, although the soil 
failure shapes assumed by Soehne (1956) and Siemens et al. (1965) in their 
force prediction models were different, neither gave correct predictions of 
tool forces. 
Elijah and Weber (1971) observed four distinct failure mechanisms: 
shear-plane, flow, bending and tensile. Only shear can be predicted using 
a theoretical model. Stafford (1979) found that the failure caused by a 
rigid tine was either brittle or flow. The mode of failure was determined 
by soil moisture content. He reported that for narrow tines the use of the 
three dimensional-model of Hettiaratchi and Reece (1967) resulted in gross 
overprediction of draft force. Stafford (1979) further reported that the 
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two-dimensional model due to Hettiaratchi et al. (1966), which was 
developed for wide tines, gave good agreement for narrow tines. 
Olson and Weber (1966) also reported that the failure pattern for a 
given set of conditions changed from shear to flow as travel speed of the 
tool was increased. Sharma et al. (1988) presented an extensive review of 
the tool force prediction models and concluded that the current models are 
inadequate for predicting tool forces. Fielke and Riley (1989) measured 
forces acting on a chisel plow and compared them with values predicted by 
using the Reece (1965) equation. They found that predicted values gave 
poor agreement with experimental values. 
Salokhe (1986) studied the behavior of wet clay soils in front of 
cage-wheel lugs. The clay soil deformed by the action of the lug was seen 
to move by plastic flow causing no distinct shear planes. Salokhe et al. 
(1989) presented the limitations of passive earth pressure theory for 
determining soil deformation caused by cage wheel lugs. They concluded 
that calculation of lug forces by using conventional theories could not be 
done in wet clay soils. Rajaram and Gee-Clough (1988) reported four 
distinct failure mechanisms for simple vertical tines in a clay soil. None 
of the mechanisms was shear failure as assumed in the theoretical 
developments of agricultural soil mechanics. The authors reported that at 
5.2 % moisture content (dry weight basis) the soil failed by Collapse mode, 
at 18.3 % by Fracture mode, at 28.6 % by Chip-Forming mode and at 42.0 % it 
failed by Plastic Flow. Collapse and Fracture failure modes occurred 
periodically with cyclic draft forces. The frequencies of failure, as well 
as the ratios of the peak-to-trough values of draft forces, depended on the 
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tool dimensions. The Collapse failure mechanism was similar to the Shear 
Plane type of failure described by Elijah and Weber (1971), and it was 
cyclic with distinct peak and trough forces. The Fracture failure was 
similar to the Brittle failure described by Stafford (1984), and the Chip-
forming failure was similar to the Bending failure described by Elijah and 
Weber (1971). The Flow failure was the same as the Flow failure described 
by Elijah and Weber (1971) and Stafford (1984). 
Rajaram and Oida (1988) conducted soil failure studies in a dry loose 
sand and reported that the soil collapsed periodically for wide tines and 
flowed frictionally for narrow tines. Rajaram and Oida (1989) summarized 
soil failure mechanisms observed in agricultural soils. They reported that 
draft predicted using passive earth pressure theories gave poor agreements 
with values of measured draft in clay and sand. Models based on passive 
earth pressure theory are commonly used for tine force prediction (Salokhe 
et al., 1989). Rajaram and Gee-Clough (1988) compared the experimental 
results with a theory based on passive earth pressure theory presented by 
Hettiaratchi et al. (1966). They reported that the theory was inadequate 
not only in predicting the soil failure mechanisms but also in predicting 
the tool forces. First, passive pressure theory predicts that the soil 
fails instantaneously once some limiting force is reached and ignores the 
deformation before the applied force reaches a maximum. Experiments have 
shown that there is excessive permanent deformation taking place before the 
applied force reaches a maximum value (Fig. 2.1). Second, the soil failure 
mode changed with soil moisture content, which could not be explained using 
a passive earth pressure theory. 
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In agricultural soils, a tool causes cyclic failures which cannot be 
simulated in any shear test apparatus. Shear test procedures do not 
provide any information beyond a single failure, because, when a mass of 
soil is caused to fail by shear, the maximum failure stress is considered 
to be the ultimate failure strength. For example, as can be seen in Fig. 
2.2, the tool after failing a mass of soil will continue to move into it, 
facing a mass of partly disturbed and partly undisturbed soil. This zone 
of failure-boundary interference could not be analyzed by using a shear 
failure theory. This phenomenon cannot be predicted unless the current 
passive earth pressure theory is abandoned and ways are sought to analyze 
the soil stress-strain relationship in a more realistic way. 
42 
AGRICULTURAL SOIL FAILURE AND TILTH 
Farmers have to select a suitable tillage operation for achieving 
desired soil tilth conditions, given a set of field conditions. The manner 
in which soil responds to stress determines the tilth condition created by 
tillage (Fig. 2.3). Although it is clear that soil responds differently 
for different soil and applied stress conditions, it is often difficult to 
predict the type of response. There is not an adequate theoretical basis 
to predict either tool forces or changes in soil physical properties. To 
understand soil tilth modified by tillage, it is important to study various 
failure mechanisms observed in practice and the associated physical 
property changes that result from each of these failures. 
Hypothetically, Collapse failure, which can be observed in dry soils, 
results from collapsing of the soil structure when a mass of a soil in 
front of the tool gets crushed (Rajaram, 1990). Thus, the mean aggregate 
size can be expected to be smaller for Collapse failure than for any other 
failure mechanism. Fracture failure occurs in moist soils, with moisture 
contents not exceeding the soil plastic limit, by cracking in front of the 
tool. Fractured soil falls apart along the cracks at the time of the 
failure. Thus, the mean aggregate size for fracture failure can be 
expected to be of intermediate range. 
Chip-Forming failure, which occurs in wet unsaturated clay, is a 
result of the soil yielding along the tool-soil interface, with little 
strain within the mass of soil being chipped off. The mean aggregate size 
for Chip-Forming failure can be expected to be of about the size of the 
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chip itself, which in turn depends upon the width of the tool. Plastic and 
Frictional Flow failures occur in wet saturated clay and dry loose sand, 
respectively. Hypothetically, there may not be noticeable change in soil 
physical properties because a Flow failure is mostly due to mere physical 
displacement of the soil. Much work needs to be done to understand tilth 
conditions created by various failure mechanisms. 
Stress history in soil may also determine the soil failure mechanism. 
Soil compaction resulting from vehicular or human traffic often provides 
anisotropic stress, which has to be taken into account. Soil moisture 
content influences soil failure mechanism greatly. It is probably 
important to consider the drying stress that provides isotropic stress by 
creating capillary tension in soil (Millei, 1980). It is, therefore, 
important to understand the soil stress history and its influence on soil 
mechanical behavior. To better understand tillage, research should be 
directed toward explaining various failure mechanisms, soil stress-strain 
relationships, and soil physical property changes. 
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CONCLUSIONS 
The development of theoretical concepts in agricultural soil mechanics 
has ignored the actual failure mechanisms encountered by tillage tools. 
Adequate theoretical knowledge does not exist to predict the mechanisms of 
soil modification, tool forces, or soil conditions that result from 
tillage. Stress history in soil may influence the soil response to tillage 
forces and should be incorporated into prediction models. Future 
theoretical development of agricultural soil mechanics should be directed 
toward explaining modes of soil modification and the associated property 
changes that result from applied stress. 
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PART III. DRYING STRESS EFFECT ON SOIL PHYSICAL PROPERTIES 
52 
ABSTRACT 
Agricultural soils are subject to seasonal wetting and drying cycles. 
Effect of drying stress, as influenced by one cycle of wetting and drying, 
on physical properties of a clay-loam soil was investigated in the 
laboratory. The physical properties studied were soil bulk density, cone 
penetration resistance, shear and adhesive properties, and aggregate size 
and stability. Three drying treatments were made by wetting air-dried soil 
(moisture content about 0.12 [g/g] dry basis) to three moisture contents 
(approximately 0.27, 0.34 and 0.39 [g/g]) and then drying each to the near 
initial air-dried moisture content. Results obtained showed that the 
physical properties of dried soil differed from those of dry soil. Soil 
bulk density decreased with drying stress. Soil strength, indicated by 
cone penetration resistance and cohesion, and soil aggregate size increased 
with drying stress. 
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INTRODUCTION 
Experiments have shown that soil moisture content determines the way 
agricultural soils fail (Stafford, 1981; Rajaram and Gee-Clough, 1988). 
Rajaram and Erbach (1991) proposed that the manner in which soil responds 
to stress may determine the soil tilth created by tillage. Soil mechanical 
behavior depends not only on moisture content, but also on soil and 
implement type, and very likely soil stress history (Rajaram and Erbach, 
1991). They hypothesised that soil stress history depends on drying stress 
induced by natural wetting and drying cycles, and on vehicular and human 
traffic. 
Agricultural soils are subject to seasonal wetting and drying cycles. 
Telfair et al. (1957) and Richardson (1976) have found that wetting and 
drying result in aggregate formation in non-aggregated soils and, thus, can 
be used to restore some types of structurally damaged soils. Reid and 
Parkinson (1984) studied the effect of natural wetting and drying cycles. 
They reported that cracks developed if topsoil was damaged by trampling of 
grazing animals. They also reported that soil shrinkage caused by wetting 
and drying was accommodated by the soil without cracking, if its structure 
was not affected by trampling. Dexter et al. (1984) studied the mechanical 
properties of remolded soil aggregates created by wetting and drying 
cycles. They reported that tensile strength increased with soil clay 
content and decreased with soil porosity. They concluded that wetting 
resulted in mellowing, and that multiple wetting and drying cycles might 
result in increased mellowing. 
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Towner (1986) induced anisotropic stress in saturated clay cores by 
compressing them unidirectionally and found swelling and shrinkage of the 
cores in response to wetting and drying cycles. Yoshida et al. (1985) 
measured shear strength of sandy soils resulting from wetting and drying. 
They used a standard shear test procedure except that soil specimens were 
confined laterally by rubber membranes instead of a shear box. They 
reported that aggregates of diameter greater than 0.25 mm, when wetted by 
rain or irrigation, broke down to highly stable micro-aggregates of 
diameter ranging from 0.02 mm to 0.25 mm. 
Soul ides and Allison (1961) found that wetting and drying cycle caused 
decreased proportions of water stable aggregates. Tisdall et al. (1978) 
reported a reduction in aggregate water stability, caused by wetting and 
drying cycles. Rovira and Greacen (1957) reported that, with some 
exceptions, each cycle of wetting and drying decreased aggregate water 
stability. Chaney and Swift (1986) also reported that wetting and drying 
cycles did not produce stable, reformed aggregates. Hofman (1976) 
reported, however, that the stability of aggregates increased when they 
were rewetted after being air-dried. 
The objective of this research is to determine the effect of drying 
stress, induced by one cycle of wetting and drying, on soil physical 
properties. 
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MATERIALS AND METHODS 
Experiments were conducted in a soil bin 1.0 m long, 0.45 m wide and 
0.25 m deep. The experimental soil had a composition of 40.1 % silt, 30.0 
% clay, 22.2 % sand and 7.7 % organic matter. The experimental clay-loam 
soil of the Iowa State University's Agricultural Engineering Research 
Center, collected, air-dried, ground, and sieved through a 19 mm sieve, was 
used in all the experiments. This soil, hereafter referred to as unwetted 
soil, had a moisture content of 0.12 (g/g). Three drying treatments were 
made by using the following steps: (i) wetting air-dried soil of moisture 
content 0.12 (g/g) to three different moisture contents, namely, 0.27, 0.34 
and 0.39 (g/g); and (ii) drying the wetted soils to near initial unwetted 
moisture content. The unwetted soil properties were compared with the 
treatments after wetting and after drying. 
Soil bins were filled with the experimental soil using a shovel. 
After filling, the soil was compacted by using a roller. The roller, 
designed with a diameter 0.24 m and length 0.43 m, weighed 25 kg. Similar 
soil conditions, for each treatment, were reproduced by making three roller 
passes. The mean bulk density after compaction was 0.96 Mg/m^ with a 
standard error of 0.04 Mg/m^. Each treatment, replicated four times, was 
done by adding metered quantities of water using a hand-held water sprayer. 
The amount of water added to each bin for the three different treatments 
were 18, 32.4 and 54 liters, respectively. After adding the required water 
for a given treatment, time was allowed for uniform infiltration of the 
added water. For this purpose, the bins were covered with plastic for a 
period of two days. Then the wet soil properties such as moisture content 
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and bulk density were measured from the surface to a depth of 150 mm. The 
bins were then exposed to the atmosphere for drying. To facilitate quicker 
drying, warm air of temperature about AS'C was blown by electric heater 
fans, through a plywood tunnel placed around the bins, over the soil 
surface. 
Fig. 3.1 shows the soil bins set for drying. The bins were weighed 
before drying, and periodically during drying to monitor the extent of 
drying. When the bins had lost a weight approximately equivalent to the 
added water, the soils in the bins were considered dried. Actual moisture 
content and bulk density were then measured. Soil cores of 52 mm diameter 
were cut at 0-50 mm, 50-100 mm, and 100-150 mm depths for determining 
moisture content and bulk density. 
Drying stress index was defined by 
D.S.I. = M.C.,,, - M.C.yry 
where 
D.S.I. = Drying stress index, %, 
M.C.ygj = Moisture content after wetting, % dry basis, 
M.C.jry = Moisture content after drying, % dry basis. 
Because soil moisture content varied with bin depth, the drying stress 
indices also varied with depth. Cone penetration resistance was measured 
for different treatments before and after drying, at 50 mm, and 150 mm 
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depths. A cone penetrometer, of cone base area 325.8 mm^ and cone angle 
30°, was used to measure penetration resistance. Shear properties were 
measured at the soil surface using a vane-type in-situ shearometer 
(Rajaram, 1987). The vane base area was 507 mm^. For the purpose of 
measuring soil adhesion and metal friction angle, the vane of the 
shearometer was replaced with a flat circular plate of the same diameter 
(Rajaram, 1987). 
Aggregate size distribution was measured using a rotary sieve. 
Samples for this purpose were taken by cutting 200 mm long, 100 mm wide and 
100 mm deep blocks from an end of the soil bin. Mean-weight-diameter 
(M.W.D.), a parameter defined to assess aggregate size distribution (Van 
Bavel, 1949; Youker and McGuinness, 1956), was measured by using a rotary 
sieve (Chepil and Bisal, 1943). Aggregate mechanical stability was 
determined by comparing mean-weight-diameter of soil after dropping from 2m 
with mean-weight-diameter of undropped soil. Fig. 3.2 shows the soil 
dropper used. An aggregate stability index was defined by 
M.W.D.jjj 
where 
A.S.I. = Aggregate stability index 
M.W.D.gj = Mean-weight-diameter after dropping, mm, 
M.W.D.,^ = Mean-weight-diameter before dropping, mm. 
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RESULTS AND DISCUSSION 
Fig. 3.3 shows the soil moisture desorption curve for the experimental 
soil. Field capacity, defined as the moisture content at a moisture 
tension of 0.33 bars, was about 0.27 (g/g) dry basis. All the three 
experimental treatments were made by wetting the soils above the field 
capacity. Fig. 3.4 shows soil moisture contents after wetting and after 
drying, for three different drying stress treatments. Fig. 3.4 shows soil 
moisture homogeneity obtained after wetting and after drying. Moisture 
contents were not as uniform with depth after drying as before. But, the 
drying took place from the soil surface, similar to the field situation. 
For this reason, it may not be possible to obtain moisture homogeneity at 
different depths. 
The effect of drying stress on soil bulk density was not significant. 
Before drying, as seen in Fig. 3.5, the resistance to cone penetration 
initially increased with moisture content but decreased for moisture 
contents above 0.28 (g/g). This was true at all the three bin depths. The 
wetted moisture content measured at each depth was compared separately with 
its corresponding penetration resistance. Fig. 3.6 shows the penetration 
resistance after drying for different bin depths. The drying stress index 
for each depth was calculated using wet and dried moisture contents for 
that depth. Cone penetration resistance for the dried soils was 
consistently greater than that of the unwetted soil. 
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Shear and adhesive properties of the unwetted soil changed both when 
wetted and dried. Because these properties were measured only at the soil 
surface, the drying stress index values were calculated by using the 
moisture content values of surface soil. Fig. 3.7 shows the variation of 
cohesion with wetted moisture content. Soil cohesion was found to be 
greater when wetted. Of the three treatments, highest cohesion was at the 
moisture content 0.32 (g/g), and at 0.4 (g/g), when the soil is nearly 
saturated, the soil cohesion decreased. Fig. 3.8 shows the variation of 
cohesion when the wetted soils were dried. Dried soil cohesion was at 
least twice as much as that for unwetted soil, although the moisture 
contents for both unwetted and dried soils were approximately the same. As 
drying stress increased, cohesion of the dried soil also increased. 
Fig. 3.9 shows the variation of soil adhesion for wetted soils. At 
moisture content 0.12 (g/g), soil adhesion was negligible. Adhesion 
increased to a greatest value at a moisture content of 0.27 (g/g) but 
dropped at greater moisture contents. Because the treatments did not 
involve wetting below 0.27 (g/g), it is not clear whether the adhesion 
would be any greater at any moisture contents below 0.27 (g/g). Fig. 3.10 
shows the variation of adhesion when the wetted soils were dried. Soil 
adhesion was greater for dried soils than for the unwetted soil. For 
wetted soil of moisture content 0.27 (g/g), adhesion was about four times 
greater than that of the corresponding dried soil. At moisture 
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contents 0.34 and 0.39 (g/g), wet soils had less adhesion than that of the 
corresponding dried soil. 
Soil internal friction and soil-metal friction angles were also found 
to change significantly when soil was wetted and dried. For the wetted 
soils, the soil internal friction angle increased with moisture content 
(Fig. 3.11). For dried soils, the internal friction angle increased and 
then decreased with drying stress index (Fig. 3.12). Fig, 3.13 shows the 
soil-metal friction angle with wetted moisture contents. It was greatest 
for a wet soil at the moisture content 0.32 (g/g). Fig. 3.14 shows the 
soil-metal friction angle after drying. Wetted soils had greater values 
than unwetted or dried soils. The soil-metal friction angle increased and 
then decreased with drying stress index, similar to internal friction 
angle. 
Fig. 3.15 shows the soil aggregate size distribution for unwetted and 
dried soils. Since the rotary sieve is suitable only for dry soils, wet 
soil aggregates were not analyzed. The mean-weight-diameter of the dried 
soil was consistently greater than that of the unwetted soil. From Fig. 
3.15, it is clear that the mean-weight-diameter of the dried soils never 
exceeded 9 mm. It was, however, visually observed that there were several 
aggregates much larger than 50 mm before sieving (Fig. 3.16). But due to 
their instability during the fairly rough treatments they received while 
passing through the rotary sieve, the aggregates broke into smaller 
aggregates. A comparison of the mechanical stability between the unwetted 
and dried soil aggregates is presented in Fig. 3.17. Because the 
aggregate-stability index is defined as a ratio of aggregate mean-
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weight-diameter before and after dropping from a height of 2 m, and because 
the stability of these aggregates was too low to be rotary sieved, it is 
unclear what the actual stability of dried aggregates are. The data in 
Fig. 3.17 only indicate the stability of the aggregates that were stable 
enough to pass through the rotary sieve. 
Based on the experimental results, it seems that, when a soil is 
wetted and dried, the soil structure may be rearranged in such a way that 
its cohesive strength increases (Fig. 3.8). By wetting, air pores are 
filled by water that may have changed the orientation and the distance 
between individual particles. This phenomenon caused by the presence of 
soil moisture in place of air pores, may be responsible for altering some 
of the physical properties. When the wetted soil is dried, although the 
moisture content is brought to original unwetted moisture content, the 
particle orientation and location in soil matrix may have altered soil 
properties. Therefore, it is very likely that field soils, that are 
subject to seasonal wetting and drying, may change soil tilth prior to 
tillage. It is felt that these change in properties due to drying stress 
may have wider implications for tillage tool performance and resulting soil 
modifications caused by tillage. 
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CONCLUSIONS 
One cycle of wetting and desiccating changed the soil properties. 
Soil cohesion, adhesion, internal friction and metal friction angle, and 
aggregate size increased as the result of the drying stress. For this 
clay-loam soil, among other factors, the drying stress history determined 
physical properties. 
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Fig. 3.2: Soil dropper for aggregate mechanical stability assessment 
A. Conveyor platform for dropping the aggregates; B. Curtain to 
contain soil; C. Rigid sheet metal plate; D. Tray to 
collect soil 
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Fig. 3.16: Soil samples for mean-weight-diameter determination using 
a rotary sieve 
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PART IV. DRYING STRESS EFFECT ON SOIL MECHANICAL BEHAVIOR 
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ABSTRACT 
Mechanical behavior of agricultural soils determine the performance 
of tillage implements and the resulting soil tilth. One cycle of wetting 
and drying of these soils induces drying stress that alter soil physical 
properties. The performance of a simple vertical tine was investigated in 
a clay loam soil subject to three different levels of drying stress, in a 
soil bin. Results obtained showed that drying stress significantly 
influence soil tilth and tine performance. Soil bulk density, and shear 
and adhesive properties decreased after tillage in dried soils. Aggregate 
size increased and stability decreased, with drying stress. Tine forces 
increased with drying stress. Dried soils broke in less periodic and 
larger masses than unwetted soils. 
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INTRODUCTION 
The mechanical behavior of agricultural soils has to be understood to 
quantify soil tilth. Theoretical developments in agricultural soil 
mechanics assume that soil is an ideal rigid-plastic medium, and therefore, 
it is not possible to determine what happens to soil as a result of tillage 
(Hettiaratchi and O'Callaghan, 1980; Utomo and Dexter, 1981; Rajaram and 
Erbach, 1991a). Experiments in agricultural soils have shown that 
application of conventional soil mechanics to tillage is limited (Rajaram 
and Gee-Clough, 1988; Fielke and Riley, 1989). 
Tine-soil interaction studies have shown that agricultural soils 
subject to mechanical stress will deform in a number of ways depending on 
soil and implement type (Elijah and Weber, 1971; Stafford, 1984; Rajaram 
and Gee-Clough, 1988; Rajaram and Oida, 1989). From the soil tilth point 
of view, it appears to be important to understand not only the conditions 
influencing soil mechanical behavior but also soil property changes 
resulting from tillage (Rajaram and Erbach, 1991a), 
To develop theoretical understanding of tillage mechanics, it is 
essential to understand the effect of various factors influencing soil 
mechanical behaviour. All factors controlling soil mechanical behavior are 
not completely known, but the literature suggests that the following 
factors have significant influence: (i) soil moisture content (Stafford, 
1979; Rajaram and Gee-Clough, 1988); (ii) soil type (Elijah and Weber, 
1971; Rajaram and Oida, 1989; Sharma, 1990); and (iii) implement type and 
speed (Olson and Weber, 1966; Stafford, 1979; Fielke and Riley, 1989). 
Stafford (1979) reported that soil either fractured or flowed depending on 
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the moisture content. Rajaram and Gee-Clough (1988) reported four 
distinctive failure patterns observed at four different moisture contents, 
in a clay soil. They reported that at 5.2% moisture content the soil was 
modified by Collapse mode, at 18.3% by Fracture mode, at 28.6% by Chip-
Forming mode and at 42.0% it was modified by Plastic Flow mode. 
Agricultural soils are subject to wetting and drying cycles that 
result in: (i) aggregate formation (Telfair et al., 1957; Richardson, 
1976); (ii) increased tensile strength (Dexter et al., 1984); and (iii) 
reduced aggregate stability (Tisdall et al., 1978). Rajaram and Erbach 
(1991b) reported that soil physical properties were influenced by drying 
stress history resulting from one cycle of wetting and drying. They 
reported that dry soil strength, indicated by cone penetration resistance 
and shear strength, increased as the drying stress increased. They further 
reported that the soil aggregate size, indicated by mean-weight-diameter, 
also increased with drying stress. They suggested that soil tilth produced 
by tillage may be influenced by soil drying stress history. 
The objectives of this research are to determine the effect of drying 
stress on: (i) soil physical property changes caused by a simple vertical 
tine; and (ii) the tine performance, as indicated by forces encountered. 
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MATERIALS AND METHODS 
Experiments were conducted in a soil bin that was 1.0 m long, 0.45 m 
wide and 0.25 m deep. The experimental soil had a composition of 40.1 % 
silt, 30.0 % clay, 22.2 % sand and 7.7 % organic matter. The performance 
of a simple vertical tine model was studied in: (i) unwetted experimental 
soil of moisture content 0.12 (g/g); (ii) experimental soil wetted to 0.27 
(g/g) moisture content and dried; (iii) experimental soil wetted to 0.33 
(g/g) and dried; and (iv) the experimental soil wetted to 0.4 (g/g) and 
dried. Thus, the four soil conditions used to study the tine performance 
were approximately the same moisture content but had been subject to 
different levels of drying stress. Drying stress index was defined as the 
difference between wetted and dried gravimetric percentage moisture 
contents (Rajaram and Erbach, 1991b). 
For the determination of drying stress index, moisture contents were 
measured using soil cores of diameter 52 mm, cut at three different depths, 
namely, 0-50 mm, 50-100 mm, and 100-150 mm. Since the soil moisture 
content varied with soil bin depth, the drying stress indices also varied 
with depth. Drying stress indices, therefore, were calculated for 
different depths individually and were used for comparison in soil physical 
property changes for that particular depth. For example, soil shear 
strength properties were measured at the soil bin surface, and the drying 
stress effect on shear property change was determined by calculating the 
drying stress index only using the shallowest 50 mm 
deep cores. 
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Soil bins were filled with the experimental soils by using a shovel 
and were compacted by using a roller. The roller, designed with 0.24 m 
diameter and 0.43 m length, weighed 25 kg. To keep the degree of soil 
compaction constant for all treatments, three roller passes were made after 
filling the bins with the experimental soil. The mean bulk density after 
compaction was 0.96 Mg/m^ with a standard error of 0.04 Mg/m'. Wetting of 
each treatment, replicated four times, was done by adding metered 
quantities of water using a hand-held sprayer. The amounts of water added 
in each of the bins for the three different treatments were 18, 32.4 and 54 
liters. After adding the required water for a given treatment, time was 
allowed for uniform infiltration. For this purpose, the bins were covered 
with plastic for a period of two days. They were then exposed to the 
atmosphere. Warm air of 45° C was blown by using electric heater fans, 
through plywood tunnel placed around the bins, on the soil surface, to aid 
drying. Fig. 4.1 shows the soil bins set for drying. 
The experimental tine was vertical, 40 mm wide and 100 mm deep. It 
was mounted at the end of a hydraulic ram that formed a part of the soil 
bin carriage (Rajaram and Erbach, 1991c). The movement of the tine was 
controlled by using a two-way flow control valve (Fig. 4.2). The ram had a 
stroke length of 1 m. Throughout the experiments, the ram was operated at 
a constant speed of 40 mm/s. An 'L' type load cell designed with strain 
gages was mounted between the ram and the tine, to measure horizontal and 
vertical components of tine forces independently. The output signals were 
amplified and recorded by using a strain gage signal amplifier and a 
multipen plotter, respectively. 
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Before and after the tine was passed through the soil, soil bulk 
density, shear properties, adhesive properties, aggregate mean weight 
diameter, and aggregate mechanical stability were measured. Cone 
penetration resistance was measured before tine penetration only, using a 
cone of base area 325.8 mm^ and angle 30*. Soil bulk density was measured 
using the cores cut at 0-50 mm, 50-100 mm and 100-150 mm depths. Soil bulk 
density was measured by using a hand-operated core sampler. Samples were 
taken from an end of the soil bin before tillage, and from the trench after 
tillage. Shear properties were measured using a vane-type in-situ 
shearometer (Rajaram, 1987). The vane base area was 507 mm^. For 
measuring adhesive properties, the same in-situ shearometer was used except 
that the vane was replaced by a flat circular disc of same diameter 
(Rajaram, 1987). 
Aggregate mean-weight-diameter was measured using a rotary sieve 
(Chepil and Bisal, 1943). Aggregate mechanical stability was assessed by 
using an index, calculated from aggregate size distribution before and 
after dropping the soils from a height of 2 m. Soil samples for 
determining mean-weight-diameter before tillage were collected by cutting 
blocks of 100 mm x 100 mm x 100 mm. Soil samples after tillage were 
collected from the trench cut by the tine, by scraping gently using a 
shovel. The soil dropper used for mechanical stability determination has 
been described by Adam (1990). Aggregate stability index was defined as 
the ratio between mean-weight-diameter after dropping and that before 
dropping (Rajaram and Erbach, 1991b). 
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Tine force-distance curves, recorded on a mulitipen recorder, were 
analyzed for maximum stabilized peak values, force peak-to-peak distance 
and force peak-to-trough ratio. The forward failure distance of the 
periodically failing masses were also measured by using a ruler. 
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RESULTS AND DISCUSSION 
Soil Property Changes Caused by Tine 
Fig. 4.3 shows soil moisture contents at three different bin depths 
before and after drying. Moisture contents before and after wetting were 
fairly uniform over bin depths. However, after drying the soil moisture 
contents at 75 mm and 150 mm depths were greater than that at the surface. 
Therefore, the drying stress index was calculated for each depth 
separately. 
Fig. 4.4 shows the effect of drying stress on soil bulk density. The 
bulk density both before and after tillage decreased slightly with drying 
stress. It can be seen from Fig. 4.4 that the soil bulk density after 
tillage was lower than that before tillage. Fig. 4.5 shows the effect of 
drying stress on cone penetration resistance before tillage. The 
penetration resistance increased with drying stress for all the three bin 
depths recorded. Fig. 4.6 and Fig. 4.7 show the effect of drying stress on 
soil cohesion and internal friction angle, respectively. Fig. 4.8 and Fig. 
4.9 show the effect of drying stress on soil adhesion and soil-metal 
friction angle, respectively. From Fig. 4.6 to Fig. 4.9, drying stress 
index values were calculated using moisture contents measured at the 
shallow depth of 50 mm only, because the shear and adhesive properties were 
measured only at the soil surface. 
Fig. 4.6 shows that cohesion for the dried soils was much higher than 
that of the unwetted soil especially at high drying stress. 
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Cohesion after tillage was less than half of that before tillage. Fig. 4.7 
shows that the soil internal friction angle increased initially, but 
decreased for drying stress index values higher than about 15. The 
internal friction angle was also generally lower after tillage than before. 
Similar trend was observed for soil metal friction angle as well (Fig. 
4.9). However, in the case of soil adhesion, the values before tillage 
were either the same or lower than that after tillage. The decreasing 
trend in the values of soil shear properties after tillage may be because 
the dried soil surfaces are harder than the tilled soil. Also, as 
expected, the tine was found to expose the more moist lower soil layers 
where these properties were measured after tillage. Therefore, it may well 
be possible that the shear properties measured before and after tillage may 
be at two different soil conditions. 
Fig. 4.10 shows the aggregate mean-weight-diameter measured before and 
after tillage. It was clear that the mean-weight-diameter increased with 
drying stress, although it is not clear whether or not it increased after 
tillage. There are two possible reasons why such a conclusion could not be 
drawn. First, the soil sampling before tillage was done using a spatula 
which may have disturbed the soil more than the tine itself. Second, the 
rotary sieve used for mean-weight-diameter determination gave rough 
treatment to the aggregates; if the aggregates after tillage were more 
stable than that before tillage, during rotary sieving they would break 
into smaller aggregates. 
Fig. 4.11 shows the effect of drying stress on aggregate mechanical 
stability before and after tillage. It seemed that the 
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stability decreased with drying stress index. The aggregate stability was 
less after tillage than before, at high drying stress values. Given the 
fact that the aggregate mean weight diameter values are greater for dried 
soils than for unwetted soils, and that bigger aggregates may generally 
require less force to break than do the primary aggregates, it is possible 
that the aggregate stability decreased after tillage at high drying stress. 
Due to the limitations in sampling and measurement techniques, it may be 
difficult to draw stronger conclusions. 
Tine Performance 
Dried soils failed along the cracks, or macropores, when the tine was 
pushed through it (Fig. 4.12). This may be because the force necessary to 
break along the cracks would be less than that necessary to fail by other 
modes. This mode of failure can be termed "Preferential Fracture" failure, 
to distinguish this kind of failure from simple Fracture failure that does 
not form cracks prior to tine penetration. In this Preferential Fracture 
failure mode, the soil aggregates were basically about the size that 
correspond to the way soil had cracked prior to tine penetration. In case 
of the unwetted soils, the failure was similar to Collapse failure 
(Rajaram, 1990). Fig. 4.13 shows the failure observed in unwetted soils. 
In all cases, however, tine forces were cyclic, with distinct peak and 
trough values. Fig. 4.14 shows a typical force-distance curve for a soil 
of drying stress index 24. From the implement designers' point of view, 
the maximum peak values are more important than initial peak forces. 
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Fig. 4.15 shows the maximum peak values of tine forces for different drying 
stress indices. It was clear that the horizontal force increased with 
drying stress. The tine force for a dried soil (drying stress index = 24) 
was twice as much as that of the unwetted soil (drying stress index = 0). 
From this observation, it can be concluded that dry soils, subject to high 
drying stress, offer significantly higher draft. The increase in vertical 
tine force was not significant, however. 
Tine force peak-to-trough ratio is of interest to implement designers, 
to estimate the degree of oscillatory forces a tillage implement will 
encounter. It seemed from Fig. 4.16 that the peak-to-trough variations of 
tine forces were greater for greater drying stress index. Force peak-to-
peak distance, an indicator of soil failure frequency, was also greater for 
higher values of drying stress index (Fig. 4.17). This means, for a given 
distance of tine penetration, less number of periodic failures occur for 
soils of higher drying stress. In other words, the forward failure 
distance increases as the drying stress increases (Fig. 4.18). Dried soil 
breaks up less periodically and in bigger masses than the unwetted soil. 
The greater the amount of drying, the greater are tine forces, force peak-
to-trough values, and forward failure distances. Based on these results, 
it is suggested that drying stress in field soils subject to several cycles 
of seasonal wetting and drying, may have significant influence on tillage 
tool performance and soil modification. 
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CONCLUSIONS 
The study showed that drying stress, induced by one cycle of wetting 
and drying, causes significant difference in soil properties and tine 
performance, leading to the conclusion that drying stress is an important 
factor influencing soil mechanical behavior. Soil bulk density and shear 
and adhesive properties decreased after tillage when dried. The change in 
soil aggregate size and stability resulting from tine penetration were not 
significant for dried soils. However, the aggregate size increased and its 
stability decreased as drying stress increased. Tine force, force peak-to-
trough ratio, and forward failure distance increased with drying stress, 
causing larger soil masses after tillage of dried than of unwetted soil. 
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Fig. 4.1: Soil bins set for drying 
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Fig. 4.2: Experimental soil bin apparatus 
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Fig. 4.12: Soil failure in dried soils 
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PART V. HYSTERESIS IN SOIL MECHANICAL BEHAVIOR 
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ABSTRACT 
The performance of a vertical tine was investigated at various 
moisture contents during wetting and drying cycles, in a soil bin. Results 
showed that the experimental clay-loam soil during wetting failed by 
Fracture mode and offered relatively more draft than the soil during 
drying. Soil during drying cracked, and when a tine is pushed through it, 
failed along the cracks. This failure mode was referred to as Preferential 
Fracture failure mode. Wetting and drying caused hysteresis in tine forces 
and soil shear strength, because these properties were found to be greater 
during wetting than drying. 
117 
INTRODUCTION 
The effect of soil moisture content on soil structure created by 
tillage has been investigated by a number of researchers (Adam, 1990; 
Bhushan and Ghildhayal, 1972; Dan, 1963; Harris et al., 1966; Lyles and 
Woodruff, 1962, 1963; Ojeniyi and Dexter, 1979; Rajaram and Gee-Clough, 
1988; Stafford, 1984). When the soil is tilled at friable condition it 
requires fewer passes with implements to become suitable for plant growth 
(Adem et al., 1984). On the other hand, if tillage is performed when soil 
is too wet, soil loses its aggregate structure through molding processes, 
creating soil conditions unfavorable for plant growth (Bourma, 1969; 
Kuipers, 1982). 
Lyles and Woodruff (1963) reported that moisture content determined 
the quantity of aggregates formed. Utomo and Dexter (1981) reported that 
large aggregates were formed when the soil was tilled at moisture content 
close to plastic limit. Dan (1963), while studying soil aggregate 
formation, found that dry soils formed smaller aggregates when tilled, 
while Bhushan and Ghildyal (1972) reported the contrary. Ojeniyi and 
Dexter (1979) reported that tillage at 17 % moisture content produced a 
smaller percentage of large aggregates. 
Lyles and Woodruff (1962), while studying soil aggregate strength, 
found that aggregates created by tillage at lower moisture contents offered 
three to four times more resistance to crushing than those created at 
moisture contents greater than about 16 %. Rajaram and Erbach (1991a) 
suggested that, for clay soils, at moisture contents between soil plastic 
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limit (24 % dry basis) and saturation (40 % dry basis), the Chip-Forming 
failure mode would produce largest aggregates in clay soils. 
Rajaram and Erbach (1991b) reported that drying stress history also 
influenced the soil conditions created by tillage. They found that the 
aggregate size and stability for dry soils depended on drying stress. They 
further pointed out that larger and less stable aggregates were formed in 
dry soils that were dried to the greatest amount. 
The objectives of this paper are: (i) to determine the soil conditions 
created by a simple vertical tine in a range of moisture contents during 
both wetting and drying; and (ii) to determine the variation in tine forces 
with moisture contents during both wetting and drying. 
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MATERIALS AND METHODS 
Soil bin experiments were conducted in a clay-loam soil of the 
following composition: 40,1 % silt; 30.0 % clay; 22.2 % sand; and 7.7 % 
organic matter. Experimental soil moisture contents ranged from dry (0.12 
g/g ) to wet (0.42 g/g ). Each treatment was replicated four times. 
The experimental soil, hereafter referred to as unwetted soil, 
collected, air-dried, ground, and sieved through 19-mm sieve, had a 
moisture content of 0.12 (g/g). Soil bins were filled with the 
experimental soil by using a shovel and soil was compacted by using a 
roller. The degree of compaction was kept constant throughout the 
experiments by using three roller passes. The mean bulk density after 
compaction was 0.96 Mg/m' with a standard error of 0.04 Mg/m'. During 
wetting cycle, the required moisture treatment was achieved by adding 
metered quantities of water using a hand-held sprayer. After adding the 
required water for a given treatment, to facilitate uniform infiltration, 
the bins were covered with plastic for two days. The required moisture 
contents for the drying cycle treatments were achieved by first saturating 
the bins and then drying. This was possible by constant monitoring of the 
overall bin weights during drying. Neither wetting nor drying were uniform 
over bin depths. For this reason, in the discussion of results, when the 
soil moisture content at various depths were compared with other 
properties, the values of the corresponding depths were used. 
The soil bins were 1.0 m long, 0.45 m wide and 0.25 m deep. The 
experimental vertical tine, which was 40 mm wide and 100 mm deep, was 
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mounted at the end of a hydraulic ram through an 'L' type load cell. The 
load cell was designed using strain gages to determine horizontal and 
vertical tine forces. The hydraulic ram, that was operated at a constant 
quasi-static speed of 40 mm/s, had a stroke of 100 mm. The load cell 
output signals were amplified and recorded by using a multipen plotter. 
The experimental apparatus is shown in Fig. 5.1. 
The soil properties measured before and after tine penetration were: 
(i) soil bulk density; (ii) shear properties; and (iii) adhesive 
properties. Cone penetrometer resistance was measured before tine 
penetration, for a cone of base area 325.8 mm^ and angle 30*. Tine forces 
and soil forward failure distances were compared for various moisture 
contents during wetting and drying cycles. The materials and methods of 
various measurements were same as reported previously (Rajaram and Erbach, 
1991b). 
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RESULTS AND DISCUSSION 
The variation in bulk density with moisture content was not 
significant for either wetting or drying cycles. Fig. 5.2 shows cone 
penetration resistance versus moisture content, recorded for bin depths of 
50 mm, 100 mm, and 150 mm. In all cases, penetration resistance during 
drying cycle was greater than during wetting. The resistance for both 
drying and wetting cycles reached a peak in the moisture content range of 
0.22 to 0.27 (g/g). 
Variation of soil shear properties with moisture contents is shown in 
Fig. 5.3 and Fig. 5.4. Fig. 5.3 compares soil cohesion between unwetted 
soil, and moist soils of wetting and drying cycles. The cohesion of the 
unwetted soil was the lowest. The cohesion during wetting cycle was higher 
than that during drying. Fig. 5.4 shows the soil internal friction angle 
for various moisture contents. Internal friction angle in dry and wet 
soils were smaller than that at the intermediate moisture contents. At 
moisture content 0.2 (g/g), the internal friction angle during drying was 
higher than during wetting, and at 0.3 (g/g) it was the opposite. 
Fig. 5.5 and Fig. 5.6 show soil adhesive properties for unwetted soil, 
and moist soils of wetting and drying cycles. Fig. 5.5 shows soil adhesion 
versus moisture content. Fig. 5.6 shows soil-metal friction angle versus 
moisture content. At experimental moisture contents above 0.22 (g/g) both 
of these properties were greater during wetting than during drying. 
Adhesive 
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properties for the unwetted soil was lower than wet soils. These values 
reached peak values in the moisture content range of 0.25-0.3 (g/g). 
When the tine advanced in unwetted soil it failed by Collapse mode 
similar to the Collapse failure reported by Rajaram (1990). In moist soils 
during wetting cycle, except at 0.4 (g/g), the failure occurred by Fracture 
mode (Fig. 5.7), similar to the Fracture failure reported by Rajaram and 
Gee-Clough (1988). Fig. 5.7 shows the soil surface before and after tine 
penetration. There were no cracks seen on the soil surface before tillage 
and the penetrating tine caused fractures before breaking up the soil. On 
the contrary, the soil during drying cycle had already fractured, or 
cracked, even before the tine penetration. Fig. 5.8 shows the soil surface 
before and after tine penetration. It can be seen from Fig. 5.8 that, when 
the tine advanced, the soil yielded along the cracks. This type of 
failure, where the soil yields along the macropores, or cracks, can be 
referred to as Preferential Fracture (Rajaram and Erbach, 1991b). 
Except for moisture content of 0.4 (g/g), at all other moisture 
contents, tine forces were cyclic with peak and trough values. Fig. 5.9 
shows the measured peak values plotted against moisture contents of wetting 
and drying cycles. It can be seen from Fig. 5.9 that the tine forces were 
greater for the soils during wetting than for the soils of same moisture 
content during drying. The difference in force may be explained using the 
logic that, in the case of soils during wetting cycle, the tine had to 
cause cracks and then break up along the cracks; in the case of soils 
during drying cycle, the soil cracks even before tine penetration due to 
drying stress, and therefore, the tine requires lesser force to just break 
it up. 
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Fig. 5.10 shows the degree of cyclic variation in tine forces, as 
indicated by force peak-to-trough ratio. The unwetted soil that failed by 
Collapse was less cyclic than at intermediate moisture contents. At 0.4 
(g/g) the soil failed by Flow, the tine forces were not cyclic, and the 
tine force peak-to-trough ratio for the purpose of comparison was 
considered unity. Although it was clear that the cyclic variation was 
greater in the moisture content range 0.24 g/g to 0.33 g/g, the difference 
between and drying wetting cycle was not significant 
Fig. 5.11 shows the force peak-to-peak distance, which indicates the 
number of failures in a given distance of tine movement. The difference 
between the wetting and drying cycles was not significant, although the 
peak-to-peak distance was greater at moisture content 0.32 g/g during 
drying. At moisture content 0.4 (g/g) the peak-to-peak distance was 
considered zero for the purpose of comparison, because the tine forces were 
not cyclic. Fig. 5.12 shows the soil forward failure distance for all 
experimental soil conditions. It increased with moisture content for 
cyclic failures. At moisture content 0.4 (g/g), the forward failure 
distance measured was the distance from the tine to the point on the soil 
surface where the soil had been visibly disturbed. During wetting cycle, 
the forward failure distance was greater for moisture contents ranging from 
0.24 to 0.32 g/g. 
Based on the experimental results, it is clear that the soil 
mechanical behavior at a given moisture content, especially in the moisture 
content range of 0.2 to 0.3 (g/g), depended on whether the soil was wetted 
or dried. This hysteresis effect may be due to drying and cracking of 
soils during drying cycle, a phenomenon that does not occur during wetting. 
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It seemed that moist soils during drying cycle fail partly by cracking 
before tillage and the rest by tillage. On the contrary, moist soils 
during wetting hold together with high cohesion (Fig. 5.3), and therefore, 
they require larger force to fail, because the tillage implement has to 
cause the cracks first and then break up the soil. From Fig. 5.2, it can 
be noticed that the trend is contrary, as the penetration resistance during 
drying was greater than that during wetting. This could be explained, 
however, by using the observation that the cone penetration resistance was 
measured on the hard aggregates between the cracks during drying; the tine 
mostly did not break the individual aggregates, but broke between 
aggregates along the cracks. 
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CONCLUSIONS 
Not only did the moisture content influence the soil mechanical 
behavior, but also, at a given moisture content, whether the soil was 
wetted or dried to obtain that moisture content, influenced soil mechanical 
behavior significantly. Soils during wetting failed by Fracture mode as 
there were no visible fractures on the soil surface prior to tine 
penetration. During drying it failed by Preferential Fracture mode, the 
soil prior to tine penetration had cracked, and the tine caused the soil to 
break up along the cracks. Soil shear strength and tine forces were 
greater during wetting than during drying, exhibiting a hysteresis effect 
in soil mechanical behavior. 
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Fig. 5.1: Experimental soil-bin apparatus 
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Fig. 5.8: Preferential Fracture failure observed in moist soils during 
drying cycle 
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PART VI. A MINI SOIL-BIN FOR MODEL TOOL-SOIL INTERACTION STUDIES 
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ABSTRACT 
The design of a mini soil-bin, for studying the mechanical behavior of 
agricultural soils in the laboratory, is presented. The tool carriage is 
hydraulically operated and its speed can be accurately controlled by using 
flow control valves. The design enables assembling of the soil-bin and 
tool carriage at the time of the experiment such that more than one soil 
condition can be prepared simultaneously in separate soil-bins. 
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INTRODUCTION 
A soil-bin is an important facility for developing basic scientific 
understanding of agricultural soil mechanics. There are about 90 soil-bins 
world wide, which are used for soil mechanics research, including traction 
studies, soil compaction studies, off-road machine design and prototype 
testing, oscillatory tool performance testing, and tillage studies (Wismer, 
1984). 
Soil-bins have several advantages over field experiments, in 
agricultural soil mechanics research (Clark and Liljedahl, 1966). These 
are: (1) soil homogeneity on physical properties such as packing density, 
moisture content, aggregate distribution, etc. can be controlled in a soil-
bin; (2) different field conditions can be simulated in a soil-bin, which 
are otherwise hard to obtain under adverse weather conditions; (3) terrain 
roughness that exists in the field conditions can be controlled; and (4) 
soil-bin experiments give more consistent experimental results that aid 
fundamental understanding of soil behavior. These advantages, however, are 
not necessarily obtained unless, the design of the soil-bin, as well as 
soil handling, is done in a standard manner throughout all treatments, to 
minimize human error. For example, the manner in which a soil-bin is 
filled may create variation in soil strength properties, and the method of 
soil preparation may cause non-uniformity in moisture content. For model 
tool-soil interaction studies, mini soil-bins of length less than 1.5m are 
recommended so that the soil homogeneity is easier to obtain (Rajaram, 
1987). 
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In most soil-bin experiments, tool carriages are either self-propelled 
or winched (for example, Agarwalla and Gee-Clough, 1987; Durant et al., 
1979; Wood and Wells, 1983; Gupta and Surendranath, 1988; Rajaram and Oida, 
1988; Sun et al., 1986). Although the self-propelled design is suitable 
for full-scale machine performance testing, they are too big for model 
tool-soil interaction studies. Winched soil-bin carriages are small-
enough, but they often provide error in tool force measurements because of 
the phenomenon of periodic stretching and deflecting of winching chain 
(Rajaram, 1987). Mini soil-bins are also suitable for 2-D photographing 
(Salokhe, 1986; Sharma, 1990) and for soil failure observations (Rajaram, 
1987). This note describes the mini soil-bin developed at Iowa State 
University for model tool-soil interaction studies. 
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DESCRIPTION OF THE APPARATUS 
Tool Carriage Design 
Tool carriage was designed with two major objectives: (1) to provide a 
uniform speed at any rate ranging from 0 to 200 mm/s; and (2) to provide a 
horizontal non-vibratory movement. Most winched carriages do not meet 
these requirements, and therefore, a hydraulic cylinder is used as a tool 
carriage. The speed of the hydraulic ram can be controlled accurately 
using a two-way, flow control valve (Rajaram, 1987). The rotational motion 
of the ram within the cylinder, as well as the bending of the ram due to 
overhanging, was arrested by using a guide mechanism. The guide mechanism 
consists of two linear bearings that are rigidly coupled to the end of the 
ram. When the ram moves, these bearings slide along two horizontal bars 
that are mounted parallel to the ram, allowing only one degree of freedom 
of movement. 
The hydraulic ram has a stroke length of 1 m, to suit the soil-bin 
which is 1 m long. The bore diameter of the cylinder is 63.5 mm, designed 
to support a maximum axial load of 20 kN. An 'L' type load cell is mounted 
between the tool and the ram. The load cell is designed to measure 
horizontal and vertical tool forces independently (Rajaram, 1987; Sharma, 
1990). Fig. 6.1 shows the mounting arrangement for the tool and the load 
cell. 
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Design of the Controls 
The hydraulic cylinder is controlled by a Parker^ power unit No. 
V27LD03D1P0. The hydraulic pump of 0.47 1/s (7.8 gal/min) is run by 3.75 
kW (5hp), 3-phase electric motor. The oil reservoir has a capacity of 72 1 
(20 gal). A two-way, flow control valve is used for controlling the speed 
of the hydraulic ram. The two-way, flow control valve, with a neutral 
control position, has two advantages: (1) a tool can be carried back and 
forth in complete cycles; and (2) the tool can be stopped at any point 
instantaneously to photograph the soil behavior. Fig. 6.2 shows the 
schematic of the hydraulic circuit. 
Design of the Soil-Bin 
The soil-bin is 1 m long, 0.5 m wide, and 0.25 m deep. The frame of 
the bin is made of 'L' section steel of 30 x 30 mm sides and of 2 mm 
thickness. Wooden walls of 1.5 cm thickness are used to cover the bottom, 
rear, and sides. The front end was closed by 10 mm thick acrylic plastic 
sheet that is hinged to the soil-bin, to enable initial tool penetration. 
Acrylic plastic sheet medium enables photographing of the trench cut by the 
tool. Fig. 6.3 shows the arrangement. The soil-bin assembly was designed 
so a soil-bin can be removed from the carriage assembly for soil 
preparation. By designing more soil-bins of the same size, preparation of 
more than one soil condition can be done simultaneously. When a soil-bin 
is ready for experiments, it can be lifted and placed on the assembly, 
^Mention of companies or commercial products does not imply 
recommendation or endorsement by the USDA or Iowa State University over 
others not mentioned. 
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using a forklift. Fig. 6.4 shows the soil-bin assembly. 
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CONCLUSIONS 
A mini soil-bin for model tool-soil interaction studies has been 
developed. This soil-bin can be used for preparation of various soil 
conditions simultaneously. 
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Fig. 6.4: A soil bin after treatment being carried by a forklift to mount 
on the experimental soil-bin assembly 
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GENERAL SUMMARY 
Farmers in developed countries have developed various tillage 
practices for crop production, according to customs, crops, soils, 
locations, personal attitudes, and other influences. Policy makers, 
conservationists, and environmentalists are concerned about the negative 
impact of excessive tillage on the environment. Indigenous tillage 
practices in developing countries such as India are similar to what soil 
conservation experts recommend for sustainable food production. 
Ironically, farmers in developing countries are being urged by their 
governments to adopt highly mechanized excessive tillage systems practiced 
in the developed countries. There is a lack of scientific understanding of 
various tillage practices, however. 
A survey of the literature in soil mechanics indicates that the 
theoretical developments do not explain actual failure patterns caused by 
tillage. Based on the literature, it seems that there exists no adequate 
theoretical knowledge to understand what happens to soil when tilled. Such 
an understanding is essential not only to define the purpose of tillage but 
also to make tillage management decisions. The author believes that future 
research in theoretical soil mechanics has to include the study of soil 
conditions created by a tillage operation. 
All factors influencing tillage tool performance are not completely 
known although the soil type, soil moisture content, implement type, and 
implement speed have been reported to determine soil failure mechanism and 
tool draft. To develop a complete understanding of tillage mechanics, the 
first step should be to identify and list all factors that control soil 
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modification by tillage. In an attempt to identify an additional factor, 
soil drying stress history was found to influence soil mechanical behavior 
significantly. 
Experiments in a clay loam soil showed that soil physical properties 
at given moisture content changed when wetted and dried. The change in 
properties was greater if the wetting moisture was greater. Results also 
showed that in dry soil modifications caused by a tine significantly 
differed when it is wetted once and dried. Dried soils produced larger 
aggregates when tilled, as compared to unwetted dry soils. Experiments in 
both wet and dry soils showed that the tine draft, as well as the soil 
modification caused by the tine, depended not only on a given moisture 
content but also on whether that moisture condition was obtained by wetting 
a drier soil or by drying a wetter soil. These results led to 
identification of hysteresis in soil mechanical behavior caused by wetting 
and drying. 
Among the other factors that may also have significant influence in 
soil modification caused by tillage, stress history caused by vehicular and 
human traffic may need to be investigated. If all factors are identified, 
and their effects on soil modification are quantified, it may be possible 
to develop theories for selecting a tillage operation, if at all tillage is 
necessary, for maximizing sustainable food production. 
155 
GENERAL REFERENCES 
Adam, K. M. 1990. Secondary tillage tool effect on soil aggregation. 
Unpublished M.S. Thesis. Iowa State University, Ames, Iowa. 
Adem, H. H., J. M. Tisdall, and P. Willoughby. 1984. Tillage management 
changes size-distribution of aggregates and macro-structure of soils 
used for irrigated row-crops. Soil and Tillage Res. 4(4):561-575. 
Allmaras, R. R., R. E. Burwell, and R. F. Holt. 1967. Plow-layer porosity 
and surface roughness from tillage as affected by initial porosity and 
soil moisture at tillage time. Soil Science Society of America 
Proceedings 31(3):550-556. 
Armbrust, D. V., J. D. Dickerson, E. L. Skidmore, and 0. G. Russ. 1982. 
Dry soil aggregation as influenced by crop and tillage. Soil Science 
Society of America J. 46(2):390-393. 
Baver, L. D. 1957. Soil Physics. 3rd ed. John H. Wiley Inc., New 
York. 
Bhushan, L. S., and B. P. Ghildyal. 1972. Influence of radius of 
curvature of mouldboard on soil structure. Indian J. of Agric. 
Science 42(1):l-5. 
Bourma, J. 1969. Micro-structure and stability of two sandy loam soils 
with different soil managements. Agricultural Research Report 724. 
Pudoc, Wageningen. 
Braunack, M. V., J. S. Hewitt, and A. R. Dexter. 1979. Brittle fracture 
of soil aggregates and the compaction of aggregate beds. J. of Soil 
Science 30(4):653-667. 
Bullock, M. S., W. D. Kemper, and S. D. Nelsen. 1988. Soil cohesion as 
affected by freezing, water content, time and tillage. Soil Science 
Society of America J. 52(4):770-776. 
Burwell, R. E., R. R. Allmaras, and L. L. Sloneker. 1966. Structural 
alteration of soil surfaces by tillage and rainfall. J. of Soil and 
Water Conservation 21(2):51-63. 
Cannell, R. Q. 1983. No-tillage in relation to soil conditions and 
climate. Proceedings of the Symposium on No-tillage Crop Production 
in the Tropics, Monrovia, Liberia. Published for the West African and 
International Weed Science Societies by the International Plant 
Protection Center, Oregon State University, Corvallis, Oregon. 
Chaney, K., and R. S. Swift. 1986. Studies on aggregate stability: I. 
Reformation of soil aggregates. J. of Soil Science 37(2):329-335. 
Chepil, W. S. 1952. Improved rotary sieve for measuring state and 
156 
stability of dry soil structure. Soil Science Society of America 
Proceedings 16(2): 113-117. 
Chepil, W. S. 1962. A compact rotary sieve and the importance of dry 
sieving in physical soil analysis. Soil Science Society of America 
Proceedings 26(1):4-6. 
Chepil, W. S., and F. Bisal. 1943. A rotary sieve method for determining 
the size distribution of soil clods. Soil Science 56(1):95-100. 
Chepil, W. S., N. P. Woodruff, and F. H. Siddoway. 1961. How to control 
soil blowing. U.S. Department of Agriculture Farmers Bulletin 2169. 
Combeau, A., C. Ollat, and P. Quantin. 1961. Observations sur certaines 
caractéristiques des sols ferraiitiques. Relations entre les 
rendements et les résultats de analyses des sols. Fertilite 
13(1):27-40 (In Spanish). 
Dan, H. L. 1963. The effect of tillage operations on bulk density and 
other physical properties of soil. Unpublished Ph.D. Thesis. Iowa 
State University, Ames, Iowa. 
Dexter, A. R. 1976. Internal structure of tilled soil. J. of Soil 
Science 27(2):267-278. 
Dexter, A. R. 1985. Shapes of aggregates from tilled layers of some Dutch 
and Australian soils. Geoderma 35(1):91-107. 
Dexter, A. R. 1988. Advances in characterization of soil structure. Soil 
and Tillage Res. 11(2):199-238. 
Dexter, A. R., B. Kroesbergen, and H. Kuipers. 1984. Some mechanical 
properties of aggregates of top soils from the Ijsselmeer polders. 
2. Remoulded soil aggregates and the effects of wetting and drying 
cycles. Netherlands J. of Agric. Science 32:215-227. 
Fortun, A., C. Fortun, and C. Ortega. 1989. Effect of farmyard and its 
humic fractions on the aggregate stability of a sandy-loam soil. J. 
of Soil Science 40(2):293-298. 
Gish, R. E., and G. M. Browning. 1948. Factors affecting the stability of 
soil aggregates. Soil Science Society of America Proceedings 
13(l):51-55. 
Glauser, R., H. E. Doner, and E. A. Paul. 1988. Soil aggregate stability 
as a function of particle size in sludge-treated soils. Soil Science 
146(1):37-43. 
Hadas, A. 1987. Long-term tillage practice effects on soil aggregation 
modes and strength. Soil Science Society America J. 51(1):191-197. 
157 
Hadas, A., and D. Wolf. 1984. Refinement and réévaluation of the 
drop-shatter soil fragmentation method. Soil and Tillage Res. 
4(2):237-249. 
Hamblin, A. 1987. The effect of tillage on soil physical conditions, 
p. 128-170. In P. S. Cornish and J. E. Pratley (ed.) Tillage, new 
directions in Australian agriculture. Inkata Press, Melbourne and 
Sydney. 
Harris, R. F., G. Chester, and 0. N. Allen. 1966. Dynamics of soil 
aggregation, p. 107-169. In A. G. Norman (ed.) Advances in 
Agronomy. Academic Press, New York. 
Hofman, G. 1976. The influence of drying and storing soil samples on 
aggregate stability. Modedelingen van de Faculteit 
LandbouwweUenschappen Rijks-universiteit Gent 41(1):101-106. 
Hoyle, B. J., and H. Yamada. 1975. Seedbeds and aggregate stability 
improved by rototilling wet soil. SSSA Special Publication Series 
7(2):111-129. 
Keen, B. A. 1939. Soil macrostructure as affected by cultural treatments. 
Hilgardia 12(6):429-469. 
Khan, A. R. 1984. Studies on tillage-induced physical edaphic properties 
in relation to peanut crop. Soil and Tillage Res. 4(2):225-236. 
Kuipers, H. 1982. Processes in soil physical degradation in mechanized 
agriculture, in C. D. Boels, D. B. Davies and A. E. Johnston 
(eds.) Soil degradation. Balkema, Rotterdam. 
Luttrell, D. H. 1963. The effect of tillage operations on bulk density 
and other physical properties of the soil. Unpublished Ph.D. 
Thesis. Iowa State University, Ames, Iowa. 
Lyles, L., and N. P. Woodruff. 1962. How moisture and tillage affect soil 
cloddiness for wind erosion control. Agric. Engineering 
42(3):150-153. 
Lyles, L., and N. P. Woodruff. 1963. Effects of moisture and soil packers 
on consolidation and cloddiness of soil. Transactions of the ASAE 
6(4):273-275. 
Martin, J. P., W. P. Martin, J. B. Page, W. A. Raney, and J. D. De Ment. 
1955. Soil aggregation. Advances in Agronomy 7(l):l-37. 
Ojeniyi, S. D., and A. R. Dexter. 1979. Soil factors affecting the 
macro-structures produced by tillage. Transactions of the ASAE 
22(2):339-343. 
158 
Rajaram, G., and D. Gee-Clough. 1988. Force-distance behaviour of tine 
implements. J. of Agric. Engng. Res. 41(2):81-98. 
Reid, I., and R. J. Parkinson. 1984. The wetting and drying of a gazed 
and ungazed clay soil. J. of Soil Science 35(3):607-614. 
Richardson, S. J. 1975. Effect of artificial weathering cycles on the 
structural stability of a dispersed silt soil. J. of Soil Science 
27{2):287-294. 
Robinson, D. 0., and J. B. Page. 1955. Soil aggregate stability. Soil 
Science Society of America Proceedings 15(l):25-29. 
Rovira, A. D., and E. L. Greacen. 1957. The effect of aggregate 
disruption on the activity of microorganisms in the soil. Australian 
J. of Agric. Res. 8(5):659-673. 
Russel, E. W. 1973, Soil conditions and plant growth. 10th ed. Longman, 
London, U.K. 
Siddoway, F. H. 1963. Effects of cropping and tillage methods on dry 
aggregate soil structure. Soil Science Society of America Proceedings 
27(4):452-454. 
Soul ides, D. A., and F. E. Allison. 1961. Effect of drying and freezing 
soils on carbon dioxide production, available mineral nutrients, 
aggregation and bacterial population. Soil Science 91(3):291-298. 
Telfair, D., M. R. Gardner, and D. Miars. 1957. The restoration of a 
structurally degenerated soil. Soil Science Society of America 
Proceedings 21(1): 131-134. 
Tisdall, J. M., and J. M. Oades. 1982. Organic matter and waterstable 
aggregates in soils. J. of Soil Science 33(2):141-163. 
Tisdall, J. M., B. Cockcroft, and N. C. Uren. 1978. The stability of 
soil aggregates as affected by organic materials, microbial activity 
and physical disruption. Australian J. of Soil Res. I6(l):9-17. 
Towner, G. D. 1986. Anisotropic shrinkage of clay cores, and the 
interpretation of field observations of vertical soil movement. 
Soil Science 37(2):363-371. 
Utomo, W. H., and A. R. Dexter. 1981. Soil friability. J. of Soil 
Science 32(2):203-213. 
Van Bavel, C. H. M. 1949. Mean weight diameter of soil aggregates as a 
statistical index of aggregation. Soil Science Society of America 
Proceedings 14(l):20-23. 
Yoshida, I., H. Kouno, and J. Chikushi. 1985. The effects of hysteresis 
159 
in soil water-suction upon soil strength. J. of the Faculty of 
Agriculture of Tottori University 20{l):41-44. 
Youker, R. E., and J. L. McGuinness. 1956. A shatter method of obtaining 
mean-weight-diameter values of aggregate analyses of soils. Soil 
Science 83(2):291-294. 
160 
ACKNOWLEDGEMENTS 
The author expresses his gratitude to the United States Department of 
Agriculture for providing funds for research and the Department of 
Agricultural Engineering of Iowa State University for providing 
assistantship. 
The author thanks his major professor. Dr. Donald C. Erbach, for 
providing advice, guidance, and moral support. Dr. Erbach was a major 
source of encouragement and inspiration throughout the course of study. 
The author likes to thank Dr. R. Lohnes, Department of Civil and 
Construction Engineering, for various discussions. One of the discussions 
formed the basis for selecting this research problem. The author also 
likes to thank Dr. S. J. Marley, Department of Agricultural Engineering, 
for providing help to acquire scientific instruments required for this 
research. The author would like to extend his thanks to Dr. S. Melvin, 
Department of Agricultural Engineering, for his suggestions. Dr. R. 
Lohnes, Dr. S. J. Marley, Dr. S. Melvin, and Mr. Mark Hanna provided 
valuable input to this research through seminars and discussions held in 
the Spring of 1989 at the Department of Agricultural Engineering. 
The author is also thankful to the following staff of the National 
Soil Dynamics Laboratory, Auburn, Alabama, for discussions: Dr. A. C. 
Bailey, Dr. W. R. Gill, Dr. R. L. Raper, Dr. R. L. Schafer, and Dr. J. H. 
Taylor. Dr. D. C. Erbach, Dr. R. Lohnes, Dr. S. J. Marley, and Mr. Mark 
Hanna, all of Iowa State University, and Dr. C. E. Johnson, Department of 
Agricultural Engineering, University of Auburn, Alabama, also participated 
in the discussions held at the National Soil Dynamics Laboratory and gave 
valuable input. 
161 
The author thanks Dr. D. M. Warren for providing advice and guidance 
in Technology and Social Change Program, the author's declared minor. Dr. 
Warren also gave input to Part I, "Role of Indigenous Tillage Systems in 
Sustainable Food Production", through seminars organized at the Center for 
Indigenous Knowledge for Agriculture and Rural Development. The author 
also likes to thank Mr. B. Rajasekaran for his suggestions in Technology 
and Social Change area. 
This research would not have been possible without the technical 
assistance provided by the following persons of the Agricultural 
Engineering Research Center at the Iowa State University: Mr. Kent Heikens, 
Mr. Scott Farris, Mr. Don Hostetler, Mr. Brian Anderson, Mr. Doug Vernon, 
Mr. Richard VanDePol, and Mr. Richard Hartwig. The author thanks them all. 
The author likes to thank Ms. Susan Maghari, Mr. Paul Brook, Mr. K. K. 
Singh, Mr. T. Surendranath, Mr. K. Noh, Mr. K. M. Adam, all of the National 
Soil Tilth Laboratory, and Sankar for providing help and friendly advice 
during the course of this research. The author also likes to thank Ms. 
Anissa Ameen and Mrs. Diane Cronk, and Mrs. Barbara Kalsem for secretarial 
assistance throughout the course of this study. 
Finally the author likes to thank his friends Alicia, Alvizu, Coral, 
Danniel Brown and his family, Fernanda, Guillermo, Han, Jaisimha, Kae, 
Kalitha, Kamal, Kanchan, Lakshman, Laura, Lourdes, Mercedes, Mohanty, 
Mukunth, Muru, Paco, Paul, Raja, Ramon, Renate, Rosa, Sankar, Suranjan, 
Suri, Susan, Vadivelu, Xaviers, and Zak for providing emotional support 
during the author's stay in the U.S. The author thanks his parents, 
brother and his family, and sisters and their families for the love, 
patience, and sacrifice, during the author's college education abroad. 
162 
APPENDIX A. SAMPLE STATISTICAL ANALYSIS 
Comparison Between Treatments 
The least significanct difference (LSD) test is most commonly used for 
comparison between treatments. The procedure provides for a single value, 
at a prescribed level of significance, which serves as the boundary between 
significant and nonsignificant differences between any pair of treatment 
means. That is, two treatments are declared significantly different at a 
prescribed level of significance if their difference exceeds the computed 
LSD value; otherwise they are not significantly different. 
The procedure, appropriate for equal number of replication and 
completely randamized design, is described with a sample calculation. To 
determine if there is any significant effect of drying treatments on, for 
example, soil cohesion, the following steps would be used: 
Step 1. Treatment total and treatment mean are computed. 
Drying Cohesion (kPa) Treatment Treatment 
stress index (%) R1 R2 R3 R4 total mean 
15.77 1.4 1.4 1.1 1.1 5.0 1.25 
22.53 3.3 3.0 2.7 3.0 12.0 3.00 
27.35 3.1 2.6 2.6 3.2 11.5 2.88 
0 0.2 0.3 0.3 0.3 1.1 0.28 
Grand treatment total(G) 29.6 
Grand mean 7.4 
Step 2. Treatment SS and Error SS are computed. 
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2 Total SS = EX; 
" , (29.62=) 
= [ 1.4^ + ... + 1.1^] -
(4)(4) 
= 76.2 - 54.76 = 21.44 
, . (29.62=) 
Treatment SS = [5 + ... + 1.1 ] 
(4)(4) 
= 75.615 - 54.76 = 20.855 
Error SS = Total SS - Treatment SS 
= 21.44 - 20.855 = 0.585 
Step 3. Treatment MS and Error MS are computed. 
Treatment SS 
Treatment MS = 
(t-1) 
20.855 
= -------- — 6.95 
3 
0.585 0.585 
Error MS = ----— = - - = 0.04875 
t(r-l) (4)(3) 
Step 4. Difference between mean of the treatments and unwetted soil mean 
are computed. 
Drying Mean cohesion Difference from unwetted 
stress index (%) (kPa) (kPa) 
15.77 
22.53 
27.35 
0 
1.25 
3.00 
2.88 
0 .28  
0.975 
2.725 
2.600 
0 
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Step 5. LSD values are computed at 6 level of significance by using: 
J 2 [Error MS] 
LSD, = t, Ï 
r 
From the statistical Table, t, for error d.f. 12, at 1 % significance level 
is 3.055 and at 5 % significance level is 2.179. 
J 2 [0.04875] 
LSDq5 = 3.055 I 
4 
= 0.4769 
J 2 [0.04875] 
LSDo i = 2.179 I 
4 
= 0.3399 
Because the differences between the mean cohesion for different treatments 
and the unwetted cohesion are all greater than computed LSD value at 1 % 
significance level, each drying treatment caused significant changes 
in cohesion values for a given unwetted soil. 
Effect of Treatments on a Second Variable 
To determine the effect of tillage before and after drying on, for 
example, bulk density can be computed using this technique. First, a 
correlation coefficient between drying stress index and bulk density before 
tillage is computed. Second, another correlation coefficient between 
drying stress index and bulk density after tillage is computed. Third, the 
hypothesis that those two coefficients are same is disproved. 
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Before tillage After tillage 
Bulk density Drying Bulk density Drying 
(Mg/m^' stress index (%) (Mg/m^) stress index (%) 
0.995 0 0.995 0 
1.010 0 1.010 0 
1.000 0 1.000 0 
0.905 10.8 0.810 12.07 
1.010 14.0 0.810 12.68 
1.000 12.2 0.890 14.09 
0.878 22.6 0.870 15.70 
0.930 12.5 0.780 18.49 
0.925 12.2 0.770 18.84 
0.963 27.4 0.790 18.12 
0.913 20.7 0.800 13.52 
0.940 19.2 0.720 23.73 
0.740 21.90 
0.720 19.98 
0.750 22.31 
Step 1. Correlation coefficients are computed. 
BD(B.T.) = 0.914 + 0.00322 DSI; BO (A.T.) = 0.911 + 0.00576 DSI 
Step 2. Residual MS is calculated by using: 
(Exy): 
Residual MS = 
n-2 
Residual MS (B.T.) = 0.0014; Residual MS (A.T.) = 0.00785 
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Step 3. Computed t values are compared with tabular t values. 
b 
tb 
I Residual MS 
I x Z  
tb(B.T.) = -2.596; t„ = - 2.2254 
Step 4. Because the absolute value of computed t is greater than tabular t 
at 5 % level of significance, then the regression coefficients are 
sigificantly different from zero. 
Step 5. Pooled Residual MS are computed by using: 
[n{B.T.)-2] Res. MS(B.T.) + [n(A.T.)-2] Res. MS(A.T.)] 
Pooled Res. MS = -
n(B.T.) + n{A.T.) - 4 
= 0.00505 
Step 5. Comparative t is computed for both correlation coefficients. 
b(B.T.) - b(A.T.) 
t 
i I 1 1 1 
I Pooled Res. MS t - + - - - I  
Ex(B.T)2 Ex(A.T.): 
= 8.094 
Step 7. Comparing the computed t with the tabular t at a prescribed level 
of significance, the hypothesis that these two correlation factors are same 
can be disproved. This will mean that there is significant effect of 
drying stress on soil bulk density before and after tillage. 
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Determination of Standard Error 
Step 1. Mean y of a treatment is calculated by using 
îy 
y ~ - - -
n 
step 2. Variance is calculated by using 
s = 
n-1 
Step 3. The standard deviation, o, is calculated by using 
0 = s 
Step 4. The standard error of the mean, o^, is calculated by using 
Oy = o/^n 
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APPENDIX B. ADDITIONAL FIGURES 
Fig. B.l: The roller used for compacting the experimental soil 
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Fig. B.2: Soil bulk density measurement using a hand-operated core 
sampler 
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:h*:r°meter used for shear property 
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Fig. B.4: Rotary sieve used for aggregate mean-weight-diameter 
determination 
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APPENDIX C. RAW DATA 
Table C.l: Bulk density measurements in unwetted soil 
Rep. Bin Core Wet Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g) 
1 1-50 46 147.6 135.8 35.4 1.03 0.12 
50-100 51 146.7 133.0 35.6 0.90 0.14 
100-150 54 171.8 157.8 36.8 1.01 0.12 
2 1-50 48 148.3 136.7 35.8 0.99 0.11 
50-100 46 142.9 132.3 35.9 0.98 0.11 
100-150 46 150.2 138,9 35.4 1.06 0.11 
3 1-50 49 142.3 131.2 35.2 0.92 0.12 
50-100 50 141.9 130.9 36.4 0.89 0.12 
100-150 42 157.3 144.8 36.9 1.20 0.11 
4 1-50 46 147.9 136.8 35.7 1.03 0.11 
50-100 46 155.6 143.9 36.8 1.09 0.11 
100-150 54 138.6 128.4 35.1 0.81 0.11 
Table C.2: Bulk density measurements for moist soil after wetting 
Rep. Bin Core Wet Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g) 
1 1-50 29 110.9 95.7 37.2 0.95 0.28 
50-100 37 135.2 114.2 35.9 0.99 0.27 
100-150 32 123.9 105.8 36.5 1.02 0.26 
2 1-50 38 129.8 109.5 36.1 0.91 0.27 
50-100 38 138.7 116.9 37.5 0.98 0.27 
100-150 35 127.4 108.0 36.9 0.96 0.27 
3 1-50 44 143.6 120.4 36.8 0.89 0.28 
50-100 30 136.7 115.0 36.4 1.05 0.27 
100-150 34 121.4 103.6 36.9 0.92 0.27 
4 1-50 35 124.1 105.2 35.4 0.93 0.27 
50-100 36 127.7 108.5 36.3 0.94 0.27 
100-150 35 131.1 111.3 35.7 1.01 0.26 
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Table C.3: Bulk density measurements for moist soil after drying 
Rep. Bin Core Wit Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g) 
1 1-50 46 139.8 128.1 37.2 0.93 0.13 
50-100 35 123.9 112.4 35.9 1.04 0.15 
100-150 39 135.1 121.3 36.5 1.02 0.16 
2 1-50 34 105.8 97.4 36.2 0.84 0.14 
50-100 42 137.5 125.9 37.5 0.99 0.13 
100-150 39 132.8 120.9 36.9 1.01 0.14 
3 1-50 49 142.1 131.5 36.8 0.92 0.11 
50-100 36 120.6 110.8 36.4 0.98 0.13 
100-150 40 131.4 119.8 37.0 0.98 0.14 
4 1-50 64 173.9 162.3 35.4 0.93 0.09 
50-100 36 124.3 115.0 36.3 1.03 0.12 
100-150 38 128.8 118.2 35.8 1.02 0.13 
Table C.4: Bulk density measurements for moist soil after tillage 
Rep. Bin Core Wet Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g) 
1 50 44 122.5 111.2 35.2 0.81 0.15 
2 50 34 103.6 94.9 36.2 0.81 0.15 
3 50 39 119.4 109.6 35.4 0.89 0.13 
4 50 41 121.2 112.7 36.4 0.87 0.12 
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Table C.5: Bulk density measurements in unsaturated soil before drying 
Rep. Bin Core Wit Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g) 
1 1-50 34 130.8 106.1 34.5 0.99 0.34 
50-100 34 150.6 125.8 53.0 1.00 0.34 
100-150 36 165.5 137.1 54.0 1.07 0.34 
2 1-50 35 120.8 97.0 28.8 0.96 0.35 
50-100 34 131.6 107.7 33.9 1.02 0.32 
100-150 36 135.9 109.6 29.1 1.05 0.33 
3 1-50 31 149.8 92.2 28.7 0.98 0.32 
50-100 39 149.8 121.9 36.0 1.04 0.32 
100-150 37 130.5 105.7 29.1 0.97 0.32 
4 1-50 32 115.7 95.2 28.7 0.98 0.31 
50-100 42 145.3 120.1 35.8 0.96 0.30 
100-150 28 109.0 90.9 28.6 1.05 0.29 
Table C.6: Bulk density measurements in unsaturated soil after drying 
Rep. Bin Core Wet Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g) 
1 1-50 48 131.4 121.8 34.5 0.85 0.11 
50-100 38 139.3 125.6 53.1 0.91 0.18 
100-150 36 139.3 124.7 54.0 1.53 0.20 
2 1-50 39 109.4 101.2 28.8 0.86 0.11 
50-100 36 125.7 109.5 33.9 0.98 0.21 
100-150 35 121.1 106.8 35.3 0.96 0.20 
3 1-50 41 121.8 111.8 28.7 0.95 0.12 
50-100 34 113.9 101.1 36.0 0.90 0.19 
100-150 - 110.1 96.3 29.1 - 0.20 
4 1-50 38 98.0 91.9 28.8 0.77 0.10 
50-100 35 124.1 110.3 35.8 1.01 0.19 
100-150 29 91.7 81.7 28.6 0.84 0.19 
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Table C.7: Bulk density measurements for moist soil after tillage 
Rep. Bin Core Wet Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g)  
1 50 36 105.3 95.8 35.9 0.78 0.15 
2 50 39 109.7 100.3 35.9 0.77 0.14 
3 50 31 96.5 88.8 36.7 0.79 0.15 
4 50 34 103.6 93.9 35.8 0.80 0.16 
Table C, ,8: Bulk density measurements in wet soil before drying 
Rep. Bin Core Wet Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g)  
1 1-50 42 159.4 122.8 35.4 0.97 0.42 
50-100 33 133.8 103.8 29.0 1.05 0.41 
100-150 36 147.5 112.9 28.9 1.10 0.41 
2 1-50 34 132.4 102.6 29.0 1.02 0.41 
50-100 36 154.2 119.8 35.0 1.11 0.41 
100-150 40 149.2 113.5 29.1 0.99 0.42 
3 1-50 30 120.5 94.4 27.9 1.04 0.39 
50-100 32 133.5 106.6 36.2 1.04 0.38 
100-150 34 133,6 104.5 29.3 1.04 0.39 
4 1-50 24 96.5 77.1 29.1 0.94 0.41 
50-100 32 137.5 107.6 34.4 1.07 0.41 
100-150 34 134.1 102.7 28.3 1.03 0.42 
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Table C.9: Bulk density measurements in wet soil after drying 
Rep. Bin Core Wet Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g) 
1 1-50 38 127.9 117.9 35.4 1.02 0.12 
50-100 39 125.0 109.2 29.1 0.96 0.19 
100-150 37 116.2 100.8 28.9 0.91 0.21 
2 1-50 41 127.7 115.6 29.0 0.99 0.14 
50-100 41 124.0 112.3 35.1 0.88 0.15 
100-150 39 117.4 101.4 29.0 0.87 0.22 
3 1-50 40 124.0 113.3 27.9 1.00 0.12 
50-100 39 125.5 110.2 36.2 0.89 0.21 
100-150 37 118.3 102.5 29.3 0.93 0.21 
4 1-50 43 112.9 102.6 29.2 0.80 0.14 
50-100 40 117.9 103.2 34.4 0.81 0.21 
100-150 37 114.1 98.2 28.3 0.88 0.22 
Table C.IO: Bulk density measurements for wet soil after tillage 
Rep. Bin Core Wet Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g) 
1 50 44 113.8 102.1 35.4 0.72 0.17 
2 50 37 104.4 93.2 35.3 0.74 0.19 
3 50 41 110.9 99.2 36.1 0.72 0.18 
4 50 41 112.6 100.3 35.1 0.75 0.18 
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Table C.ll: Shear and adhesive properties of unwetted soil 
Replication Maximum shear Maximum adhesive c a i 8 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 
0.05 0.02 
0.07 0.02 0.2 25 0 11.3 
0.10 0.04 
0.06 0.03 
0.07 0.03 0.3 22 0 14.0 
0.11 0.06 
0.06 0.02 
0.08 0.02 0.3 24 0 11.3 
0.11 0.05 
0.06 0.02 
0.07 0.02 0.3 25 0 14.0 
0.12 0.05 
Table C.12: Shear and adhesive properties of moist soil before drying 
Replication Maximum shear Maximum adhesive c 0 a d 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.24 
0.25 
0.05 
0.10 
0.28 0.15 4.5 18.5 0.4 37.0 
0.30 0.18 
2 0.25 
0.26 
0.05 
0.11 
0.29 0.14 4.5 25 0.3 41.0 
0.32 0.20 
3 0.25 
0.26 
0.05 
0.10 
0.28 0.12 4.6 19 0.3 38.0 
0.30 0.18 
4 0.18 
0.20 
0.05 
0.12 
0.24 0.13 3.5 22 0.3 40.0 
0.26 0.20 
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Table C.13: Shear and adhesive properties of moist soil after drying 
Replication Maximum shear Maximum adhesive c 0 a a 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.12 
0.17 0.03 
0.22 0.05 1.4 43.0 0.5 22.0 
0.25 0.08 
2 0.12 
0.17 
0.02 
0.05 
0.22 0.08 1.4 44 0.6 20.6 
0.27 0.09 
3 0.10 
0.12 0.04 
0.15 0.06 1.1 35 0.1 19.6 
0.20 0.08 
4 0.10 
0.12 
0.04 
0.05 
0.13 0.08 1.1 33 0.2 23.3 
0.18 0.09 
Table C.14: Shear and adhesive properties of moist soil after tillage 
Replication Maximum shear Maximum adhesive c 0 a a 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.03 
0.04 
0.02 
0.03 
0.06 0.05 0.2 20.0 0.1 17.0 
0.09 0.07 
2 0.03 
0.05 
0.02 
0.03 
0.06 0.05 0.2 21.0 0.1 18.4 
0.09 0.07 
3 0.04 
0.06 
0.02 
0.04 
0.08 0.05 0.3 27.0 0.1 18.0 
0.12 0.07 
4 0.05 
0.07 
0.02 
0.04 
0.10 0.06 0.5 26.5 0.1 19.7 
0.12 0.08 
Table C.15: Shear and adhesive properties of unsaturated soil before 
drying 
Replication Maximum shear Maximum adhesive c 0 a a 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.22 
0.24 
0.05 
0.10 
0.32 0.15 3.4 46.0 0.2 45.0 
0.38 0.22 
2 0.25 
0.27 
0.06 
0.11 
0.30 0.17 4.4 27.0 0.2 45.0 
0.37 0.20 
3 0.22 
0.24 
0.04 
0.10 
0.26 0.17 4.0 22.0 0.2 45.0 
0.37 0.22 
4 0.25 
0.26 
0.04 
0.08 
0.35 0.12 4.1 43.0 0.1 38.0 
0.38 0.20 
Table C.16: Shear and adhesive properties of unsaturated soil after drying 
Replication Maximum shear Maximum adhesive c 0 a d 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.18 
0.23 
0.02 
0.04 
0.25 0.05 3.3 29.7 0.2 18.0 
0.28 0.08 
2 0.17 
0.22 
0.03 
0.04 
0.23 0.05 3.0 26.5 0.2 18.7 
0.25 0.08 
3 0.16 
0.18 
0.02 
0.04 
0.20 0.05 2.7 26.0 0.2 18.0 
0.24 0.08 
4 0.20 
0.22 
0.02 
0.04 
0.25 0.06 3.3 31.0 0.2 19.0 
0.28 0.08 
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Table C.17: Shear and adhesive properties of unsaturated soil after 
tillage 
Replication Maximum shear Maximum adhesive c 0 i d 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.05 0.03 
0.08 0.05 
0.10 0.05 0.8 22.0 0.4 13.0 
0.12 0.07 
2 0.07 0.03 
0.08 0.03 
0.10 0.05 0.9 20.2 0.3 12.5 
0.12 0.06 
3 0.05 0.03 
0.08 0.04 
0.11 0.05 1.0 26.0 0.3 13.6 
0.13 0.07 
4 0.06 0.03 
0.08 0.04 
0.09 0.05 0.8 21.2 0.3 16.0 
0.12 0.07 
Table C.18: Shear and adhesive properties of wet soil before drying 
Replication Maximum shear Maximum adhesive c 0 i d 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.15 0.03 
0.20 0.07 
0.26 0.12 1.9 46.8 0.1 35.4 
0.30 0.15 
2 0.12 0.03 
0.19 0.07 
0.26 0.11 1.5 50.0 0.0 37.0 
0.30 0.16 
3 0.17 0.03 
0.20 0.07 
0.26 0.12 2.5 45.0 0.0 38.0 
0.31 0.17 
4 0.14 0.02 
0.20 0.05 
0.27 0.09 1.8 47.0 0.0 32.0 
0.31 0.13 
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Table C.19: Shear and adhesive properties of wet soil after drying 
Replication Maximum shear Maximum adhesive c 0 a d 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.17 0.01 
0.18 0.02 
0.19 0.03 3.1 12.3 0.1 10.0 
0.20 0.05 
2 0.14 0.02 
0.15 0.03 
0.18 0.04 2.6 19.0 0.1 18.0 
0.20 0.07 
3 0.14 0.02 
0.16 0.04 
0.18 0.04 2.6 19.3 0.1 17.0 
0.20 0.07 
4 0.18 0.02 
0.20 0.03 
0.22 0.04 3.2 26.0 0.1 15.0 
0.24 0.06 
Table C.20: Shear and adhesive properties of wet soil after tillage 
Replication Maximum shear Maximum adhesive c 0 a d 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.04 0.02 
0.06 0.03 
0.06 0.04 0.5 19.5 0.1 15.0 
0.10 0.06 
2 0.06 0.02 
0.07 0.03 
0.08 0.04 0.9 16.0 0.1 14.0 
0.10 0.06 
3 0.06 0.02 
0.08 0.03 
0.10 0.04 0.7 24.0 0.1 15.8 
0.12 0.06 
4 0.04 0.01 
0.05 0.02 
0.06 0.03 0.5 15.0 0.1 11.0 
0.08 0.04 
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Table C.20: Cone penetrometer readings for unwetted soil 
Replication 50 mm 100 mm 150 mm 
Number 
16 
10 
13 
11 
20 
12 
17 
18 
23 
15 
18 
20 
Table C.21: Cone penetrometer readings for moist soil before wetting 
Replication 50 mm 100 mm 150 mm 
Number 
1 14 18 18 
12 14 19 
14 16 17 
13 19 20 
Table C.22: Cone penetrometer readings for moist soil before drying 
Replication 50 mm 100 mm 150 mm 
Number 
1 39 40 40 
41 40 39 
51 48 50 
42 44 44 
Table C.23: Cone penetrometer readings for moist soil after drying 
Replication 50 mm 100 mm 150 mm 
Number 
1 46 46 42 
46 43 41 
46 53 50 
56 62 59 
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Table C.24: Cone penetrometer readings for unsaturated soil before wetting 
50 mm 100 mm 150 mm 
12 14 14 
12 15 15 
09 12 13 
14 16 16 
Table C .25: Cone penetrometer readings for unsaturated soil before drying 
50 mm 100 mm 150 mm 
32 46 54 
26 35 46 
32 46 64 
24 30 42 
Table C. ,26: Cone penetrometer readings for unsaturated soil after drying 
50 mm 100 mm 150 mm 
44 49 49 
52 54 55 
58 61 64 
55 56 62 
Table C. 27: Cone penetrometer readings for wet soil before wetting 
50 mm 100 mm 150 mm 
11 15 15 
12 13 13 
11 13 13 
13 14 14 
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Table C.28: Cone penetrometer readings for wet soil before drying 
50 mm 100 mm 150 mm 
04 07 15 
12 19 29 
15 28 45 
05 14 20 
Table C.29: Cone penetrometer readings for wet soil after drying 
50 mm 100 mm 150 mm 
43 50 63 
46 55 66 
56 68 76 
53 56 61 
Table C.29: Aggregate mean-weight-diameter for unwetted soil 
Before tillage After tillage 
Undropped Dropped Undropped Dropped 
in 
0.1828 0.1721 0.1590 0.1570 
0.1588 0.1750 0.1650 0.1590 
0.1576 0.1725 0.1510 0.1850 
0.1669 0.1626 0.1730 0.1660 
Table C.30: Aggregate mean-weight-diameter for moist soil 
Before tillage After tillage 
Undropped Dropped Undropped Dropped 
in 
0.2031 
0.1697 
0.1765 
0.1666 
0.1599 
0.1570 
0.1700 
0.1560 
0.1656 
0.1649 
0.1740 
0.1731 
0.1846 
0.1557 
0.1550 
0.1570 
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Table C.31: Aggregate mean-weight-diameter for unsaturated soil 
Before tillage After tillage 
Undropped Dropped Undropped Dropped 
i n  
0.1838 0.1580 0.1854 0.1596 
0.2185 0.2100 0.2037 0.1710 
0.1715 0.1730 0.1825 0.1738 
0.1820 0.1770 0.2100 0.2134 
Table C.32: Aggregate mean-weight-diameter for wet soil 
Before tillage After tillage 
Undropped Dropped Undropped Dropped 
in 
0.2660 0.2105 0.3089 0.1745 
0.3183 0.1690 0.3511 0.1732 
0.2110 0.1538 0.2815 0.2074 
0.4196 0.2980 0.4910 0.1881 
Table C.43: Tine force-distance curve values for unwetted soil 
Horizontal Vertical Forward Peak-to-
Peak Trough Peak Trough failure peak 
distance distance 
N cm cm 
65 57 8 7 16.5 8.9 
59 52 5 4 16.0 6.8 
52 44 6 5 16.5 7.3 
Table C.44: Tine force-distance curve values for moist soil 
Horizontal Vertical Forward Peak-to-
Peak Trough Peak Trough failure peak 
distance distance 
N cm cm 
139 115 10 8 15.0 12.0 
139 090 9 6 18.0 12.0 
150 124 10 7 ---- 9.0 
153 111 12 7 18.0 12.0 
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Table C.45: Tine force-distance curve values for unsaturated soil 
Horizontal Vertical Forward Peak-to-
Peak Trough Peak Trough failure peak 
distance distance 
N cm cm 
149 107 13 
162 113 9 
141 113 11 
143 123 10 
7 18.0 14.0 
6 18.0 14.0 
7 17.0 14.0 
4 17.0 14.5 
Table C.46: Tine force-distance curve values for wet soil 
Horizontal Vertical Forward Peak-to-
Peak Trough Peak Trough failure peak 
distance distance 
N cm cm 
196 133 17 13 22.0 20.5 
180 123 12 9 20.0 18.0 
245 145 15 11 17.0 17.6 
196 140 14 10 22.0 27.0 
Table C.47: Bulk density measurements in wet soil before tillage 
Rep. Bin Core Wet Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g) 
1 1-50 38 150.2 116.6 35.4 0.99 0.41 
50-100 35 140.0 108.5 29.1 1.07 0.40 
100-150 36 149.8 115.2 29.0 1.12 0.40 
2 1-50 38 139.4 106.6 29.1 0.97 0.42 
50-100 36 140.7 110.8 35.1 0.98 0.40 
100-150 36 127.4 99.3 29.1 0.92 0.40 
3 1-50 34 114.0 88.6 28.0 0.84 0.42 
50-100 36 151.0 117.7 36.3 1.06 0.41 
100-150 34 138.7 106.7 29.5 1.06 0.41 
4 1-50 — — 141.2 107.7 29.2 — - - - 0.43 
50-100 39 143.5 112.3 34.5 0.94 0.40 
100-150 - - 153.6 117.5 28.3 0.99 0.41 
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Table C.48: Bulk density measurements wet soil after tillage 
Rep. Bin Core Wet Dry Empty can Bulk Moisture 
number depth height height weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g)  
1 50-100 36 146.5 114.3 34.9 1.03 0.40 
2 50-100 51 164.4 127.6 35.5 0.85 0.40 
3 50-100 44 150.7 117.2 34.5 0.87 0.40 
4 50-100 49 154.1 120.4 35.3 0.81 0.40 
Table C .49: Bulk density measurements in i unsaturated soil before tillage 
(wetting cycle) 
Rep. Bin Core Wet Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g)  
1 1-50 33 118.4 99.1 35.5 0.89 0.31 
50-100 34 120.6 101.3 35.5 0.92 0.29 
100-150 32 124.9 104.8 37.0 1.00 0.30 
2 1-50 36 123.6 104.3 35.7 0.90 0.28 
50-100 35 119.6 101.4 35.7 0.88 0.28 
100-150 — — 125.1 - — — — — — — — — — 
3 1-50 44 133.6 111.4 35.5 0.82 0.29 
50-100 44 144.3 120.3 34.9 0.91 0.28 
100-150 31 108.3 - - - ~ - - — - — -
4 1-50 37 118.2 98.9 35.1 0.82 0.30 
50-100 35 124.2 103.9 34.9 0.93 0.29 
100-150 37 122.1 100.9 28.3 0.92 0.29 
Table C. 50: Bulk density measurements in unsaturated soil after tillage 
(wetting cycle) 
Rep. Bin Core Wet Dry Empty can Bulk Moisture 
number depth height height weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g)  
1 50-100 42 133.8 115.2 52.1 0.71 0.30 
2 50-100 40 134.1 116.6 52.8 0.75 0.27 
3 50-100 42 147.2 126.3 51.8 0.83 0.28 
4 50-100 32 120.5 105.4 52.2 0.78 0.28 
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Table C.51: Bulk density measurements in moist soil before tillage 
(wetting cycle) 
Rep. Bin Core Wet Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g)  
1 1-50 36 116.2 103.1 36.4 0.87 0.20 
50-100 37 121.9 104.3 34.5 0.90 0.25 
100-150 35 112.9 96.4 29.2 0.92 0.25 
2 1-50 36 105.5 90.3 28.7 0.82 0.25 
50-100 42 127.6 107.2 29.2 0.89 0.26 
100-150 40 120.9 102.7 29.1 0.88 0.25 
3 1-50 40 116.9 99.6 29.4 0.84 0.25 
50-100 39 127.6 107.7 29.1 0.95 0.25 
100-150 43 124.2 107.5 29.0 0.87 0.21 
4 1-50 36 116.2 99.4 34.7 0.86 0.26 
50-100 39 130.1 110.9 36.4 0.91 0.26 
100-150 33 103.6 88.4 27.9 0.88 0.25 
Table C .52: Bulk density measurements in moist soil after tillage 
(wetting cycle) 
Rep. Bin Core Wet Dry Empty can Bulk Moisture 
number depth height height weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g)  
1 50-100 44 140.4 122.4 52.7 0.75 0.26 
2 50-100 39 126.1 110.7 52.6 0.71 0.27 
3 50-100 46 150.3 130.5 52.1 0.80 0.25 
4 50-100 54 160.4 139.2 52.8 0.75 0.25 
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Table C.53: Bulk density measurements in unsaturated soil before drying 
(drying cycle) 
Rep. Bin Core Wet Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g) 
1 1-50 35 139.1 109.4 35.4 0.99 0.40 
50-100 36 143.3 112.0 35.6 0.99 0.41 
100-150 38 159.3 123.7 36.9 1.07 0.41 
2 1-50 34 139.4 110.2 35.8 1.03 0.39 
50-100 29 140.6 111.3 36.0 1.22 0.39 
100-150 33 145.5 115.4 35.5 1.14 0.38 
3 1-50 33 126.5 100.7 35.2 0.93 0.39 
50-100 34 135.5 108.0 36.4 0.99 0.38 
100-150 34 170.4 132.3 37.0 1.32 0.40 
4 1-50 - - 139.1 109.7 35.7 — — — — 0.40 
50-100 36 150.3 117.8 36.8 1.06 0.40 
100-150 38 164.8 128.0 35.2 1.15 0.40 
Table C.54: Bulk density measurements in unsaturated soil before tillage 
(drying cycle) 
Rep. Bin Core Wit Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g) 
1 1-50 35 116.6 - - - - - - - — - — — — — -  -  -  -
50-100 30 120.3 102.7 36.2 0.91 0.21 
100-150 -  - 130.6 110.1 36.3 0.28 
2 1-50 48 128.4 111.5 35.5 0.75 0.22 
50-100 35 123.3 105.5 35.4 0.96 0.25 
100-150 38 137.5 116.3 36.3 1.00 0.26 
3 1-50 30 106.1 94.4 34.0 0.95 0.20 
50-100 39 133.3 112.9 35.1 0.95 0.26 
100-150 39 144.7 121.9 35.8 1.03 0.27 
4 1-50 40 139.7 121.8 35.5 1.02 0.21 
50-100 37 126.5 108.0 35.3 0.94 0.25 
100-150 29 114.6 98.4 36.1 1.01 0.26 
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Table C.55: Bulk density measurements in unsaturated soil after tillage 
(drying cycle) 
Rep. Bin Core Wit Dry Empty can Bulk Moisture 
number depth height height weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g) 
1 50-100 49 155.1 136.1 52.6 0.80 0.23 
2 50-100 43 139.7 121.7 51.5 0.77 0.26 
3 50-100 35 127.7 112.5 52.8 0.78 0.25 
4 50-100 44 130.5 114.7 53.3 0.69 0.26 
Table C.56: Bulk density measurements in moist soil before drying 
(drying cycle) 
Rep. Bin Core Wit Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g) 
1 1-50 35 130.0 101.6 35.0 0.90 0.42 
50-100 34 140.9 115.6 53.1 0.87 0.41 
100-150 33 151.9 123.7 54.1 0.99 0.41 
2 1-50 34 130.3 100.4 28.8 0.99 0.42 
50-100 34 143.0 111.8 34.0 1.07 0.40 
100-150 37 166.6 126.9 35.4 1.16 0.43 
3 1-50 37 135.1 103.9 28.7 0.95 0.41 
50-100 38 166.8 129.0 36.0 1.15 0.42 
100-150 38 154.5 118.7 29.2 1.10 0.40 
4 1-50 34 125.1 97.6 28.7 0.95 0.40 
50-100 33 129.4 103.4 35.9 0.96 0.38 
100-150 37 141.9 110.3 28.6 1.03 0.39 
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Table C.57: Bulk density measurements in moist soil before tillage 
(drying cycle) 
Rep. Bin Core Wet Dry Empty can Bulk Moisture 
number depth height weight weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g)  
1 1-50 38 130.1 105.1 29.2 0.95 0.33 
50-100 30 121.5 101.5 35.8 1.04 0.31 
100-150 33 129.5 106.5 35.3 1.01 0.32 
2 1-50 29 106.0 88.1 28.6 0.96 0.30 
50-100 32 124.8 103.2 35.9 1.02 0.32 
100-150 31 129.8 105.9 35.8 1.06 0.34 
3 1-50 29 111.4 93.2 34.6 0.97 0.31 
50-100 30 116.7 95.4 28.7 1.06 0.32 
100-150 35 141.0 114.9 35.9 1.07 0.33 
4 1-50 28 111.I 92.7 34.5 0.99 0.32 
50-100 30 130.6 107.1 35.7 1.13 0.33 
100-150 28 125.0 102.5 36.7 1.12 0.34 
Table C.58: Bulk density measurements in moist soil after tillage 
(drying cycle) 
Rep. Bin Core Wet Djsy Empty can Bulk Moisture 
number depth height height weight weight density content 
(mm) (mm) (gm) (gm) (gm) (gm/cc) (g/g) 
1 50-100 44 130.5 107.5 36.7 0.75 0.33 
2 50-100 50 144.7 118.3 36.7 0.77 0.32 
3 50-100 46 128.7 105.7 36.1 0.71 0.33 
4 50-100 42 132.1 109.0 35.2 0.83 0.31 
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Table C.59: Shear and adhesive properties of wet soil before tillage 
(wetting cycle) 
Replication Maximum shear Maximum adhesive c 0 a 6 
number reading reading (kPa) (deg.) (kPa) (deg.: 
1 0.14 0.03 
0.17 0.06 
0.19 0.08 2.1 32 0.2 24.5 
0.22 0.10 
2 0.12 0.03 
0.15 0.07 
0.17 0.09 1.8 31 0.1 31.2 
0.21 0.12 
3 0.14 0.02 
0.19 0.05 
0.22 0.07 2.4 33 0 26.5 
0.25 0.10 
4 0.14 0.03 
0.18 0.07 
0.20 0.09 2.2 40 0.1 29.0 
0.25 0.11 
Table C.60: Shear and adhesive properties of wet soil after tillage 
(wetting cycle) 
Replication Maximum shear Maximum adhesive c 0 a 8 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.07 0.02 
0.10 0.03 
0.12 0.05 1.0 27 0.1 16.0 
0.15 0.06 
2 0.08 0.02 
0.10 0.04 
0.13 0.05 1.2 23 0 19.5 
0.14 0.07 
3 0.09 0.02 
0.12 0.05 
0.13 0.06 1.4 24 0.1 21.4 
0.16 0.07 
4 0.08 0.02 
0.12 0.03 
0.15 0.06 0.9 34 0 20.6 
0.18 0.08 
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Table C.61: Shear and adhesive properties of unsaturated soil before 
tillage (wetting cycle) 
Replication Maximum shear Maximum adhesive c 0 a 3 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.19 
0.25 
0.05 
0.10 
0.33 0.15 2.4 54 0.2 44.0 
0.40 0.20 
2 0.20 
0.27 
0.05 
0.07 
0.35 0.12 3.0 51 0.2 37.0 
0.40 0.16 
3 0.19 
0.24 
0.05 
0.09 
0.30 0.12 2.6 48 0.2 36.0 
0.36 0.16 
4 0.20 
0.27 
0.06 
0.10 
0.33 0.14 2.6 52 0.3 41.0 
0.40 0.18 
Table C.62: Shear and adhesive properties of unsaturated soil after 
tillage (wetting cycle) 
Replication Maximum shear Maximum adhesive c 0 a d 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.07 
0.11 
0.04 
0.05 
0.14 0.08 0.6 37 0.1 26.5 
0.18 0.10 
2 0.09 
0.12 
0.03 
0.05 
0.16 0.08 1.2 33 0.1 26.5 
0.19 0.10 
3 0.08 
0.12 
0.02 
0,05 
0.15 0.07 1.0 33 0 25.0 
0.18 0.09 
4 0.08 
0.11 
0.03 
0.05 
0.14 0.07 1.0 31 0.1 23.0 
0.17 0.10 
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Table C.63: Shear and adhesive properties of moist soil before 
tillage (wetting cycle) 
Replication Maximum shear Maximum adhesive c 0 a d 
number reading reading (kPa) (deg.) (kPa) (deg.; 
1 0.30 0.06 
0.34 0.10 
0.39 0.17 5.0 42 0.1 47.0 
0.43 0.22 
2 0.30 0.05 
0.37 0.08 
0.43 0.12 4.7 52 0.1 38.0 
0.50 0.16 
3 0.28 0.06 
0.32 0.10 
0.36 0.15 4.8 39 0.2 43.0 
0.40 0.20 
4 0.30 0.06 
0.36 0.11 
0.42 0.15 4.8 48 0.3 41.0 
0.49 0.20 
Table C.64: Shear and adhesive properties of moist soil after 
tillage (wetting cycle) 
Replication Maximum shear Maximum adhesive c 0 a d 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.06 0.03 
0.09 0.05 
0.12 0.08 0.5 33 0.1 26.5 
0.16 0.10 
2 0.06 0.03 
0.10 0.05 
0.13 0.08 0.5 34 0 26.5 
0.16 0.10 
3 0.07 0.03 
0.10 0.05 
0.12 0.08 0.9 28 0 26.5 
0.15 0.10 
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Table C.65: Shear and adhesive properties of unsaturated soil before 
tillage (drying cycle) 
Replication Maximum shear Maximum adhesive c 0 a d 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.19 
0.24 
0.04 
0.08 
0.31 0.12 2.4 51 0.2 36.0 
0.37 0.15 
2 0.23 
0.28 
0.04 
0.08 
0.34 0.12 3.5 49 0.2 35.5 
0.40 0.15 
3 0.22 
0.27 
0.03 
0.07 
0.32 0.11 3.4 45 0.1 35.0 
0.37 0.14 
4 0.17 
0.21 
0.03 
0.06 
0.26 0.09 2.5 42 0 32.0 
0.30 0.12 
Table C.66: Shear and adhesive properties of unsaturated soil after 
tillage (drying cycle) 
Replication Maximum shear Maximum adhesive c 0 a d 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.05 
0.09 
0.03 
0.06 
0.13 0.08 0.2 39 0 28.0 
0.17 0.11 
2 0.05 
0.07 
0.03 
0.06 
0.12 0.07 0.3 34 0.1 28.2 
0.15 0.11 
3 0.08 
0.12 
0.03 
0.05 
0.15 0.08 1.0 37 0 28.0 
0.18 0.11 
4 0.06 
0.10 
0.03 
0.05 
0.12 0.08 0.6 31 0.1 26.5 
0.15 0.10 
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Table C.67: Shear and adhesive properties of moist soil before 
tillage (drying cycle) 
Replication Maximum shear Maximum adhesive c 0 i d 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.18 0.06 
0.22 0.09 
0.27 0.13 2.4 45 0.2 39.2 
0.32 0.17 
2 0.18 0.04 
0.22 0.08 
0.29 0.11 2.6 47 0.1 36.5 
0.34 0.15 
3 0.19 0.04 
0.24 0.08 
0.28 0.12 2.7 46 0.2 37.4 
0.34 0.16 
Table C.68: Shear and adhesive properties of moist soil after 
tillage (drying cycle) 
Replication Maximum shear Maximum adhesive c 0 a d 
number reading reading (kPa) (deg.) (kPa) (deg.) 
1 0.11 
0.15 
0.04 
0.07 
0.18 0.10 1.3 41 0.1 32.8 
0.24 0.14 
2 0.09 
0.13 
0.04 
0.08 
0.18 0.11 1.0 40 0.1 35.2 
0.22 0.15 
3 0.10 
0.13 
0.04 
0.07 
0.18 0.11 1.0 40 0.2 33.2 
0.22 0.14 
4 0.09 
0.13 
0.04 
0.07 
0.17 0.10 1.2 35 0.2 30.2 
0.20 0.13 
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Table G.69: Cone penetrometer readings for wet soil before wetting 
(wetting cycle) 
50 mm 100 mm 150 mm 
18 16 16 
15 16 17 
14 16 18 
18 20 20 
Table C.70: Cone penetrometer readings for wet soil after wetting 
50 mm 100 mm 150 mm 
14 18 32 
15 20 37 
15 22 32 
14 25 40 
Table C.71: Cone penetrometer readings for unsaturated soil after wetting 
(wetting cycle) 
50 mm 100 mm 150 mm 
40 42 48 
42 45 46 
62 65 65 
60 61 62 
Table C.72: Cone penetrometer readings for moist soil after wetting 
(wetting cycle) 
50 mm 100 mm 150 mm 
38 43 48 
44 48 53 
44 47 49 
47 49 52 
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Table C.73: Cone penetrometer readings for unsaturated soil after wetting 
(drying cycle) 
50 mm 100 mm 150 mm 
16 20 25 
22 35 43 
22 34 40 
25 36 43 
Table 0.74: Cone penetrometer readings for unsaturated soil after drying 
(drying cycle) 
50 mm 100 mm 150 mm 
77 74 73 
62 68 70 
71 72 64 
62 64 63 
Table C.75: Cone penetrometer readings for moist soil before drying 
(drying cycle) 
50 mm 100 mm 150 mm 
17 30 38 
26 39 47 
26 36 49 
24 34 43 
Table C.76: Cone penetrometer readings for moist soil after drying 
(drying cycle) 
50 mm 100 mm 150 mm 
32 40 41 
43 49 51 
35 42 49 
42 48 52 
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Table C.77: Tine force-distance curve values for wet soil 
Horizontal Vertical Forward Peak-to-
Peak Trough Peak Trough failure peak 
distance distance 
N cm cm 
113 113 8 8 12.0 12.0 
139 139 9 9 12.0 15.0 
110 110 12 12 12.0 15.0 
118 118 10 10 
Table C.78: Tine force-distance curve values for unsaturated soil (wetting 
cycle) 
Horizontal Vertical Forward Peak-to-
Peak Trough Peak Trough failure peak 
distance distance 
N cm cm 
405 
500 
578 
648 
313 
376 
482 
563 
193 
185 
211 
267 
147 
148 
171 
200 
2 2 . 0  
20.0  
19.0 
21.0 
15.0 
18.0 
Table C.79: Tine force-distance curve values for moist soil (wetting 
cycle) 
Horizontal Vertical Forward Peak-to-
Peak Trough Peak Trough failure peak 
distance distance 
N cm cm 
353 293 117 83 19.0 9.0 
338 294 100 65 20.0 9.0 
316 245 118 105 18.0 13.5 
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Table C.80: Tine force-distance curve values for unsaturated soil (drying 
cycle) 
Horizontal Vertical Forward Peak-to-
Peak Trough Peak Trough failure peak 
distance distance 
N cm cm 
316 258 103 74 18.0 12.0 
265 212 103 74 16.0 12.0 
303 219 100 68 19.0 11.0 
300 261 102 78 19.0 8.0 
Table C.81: Tine force-distance curve values for moist soil (drying 
cycle) 
Horizontal Vertical Forward Peak-to-
Peak Trough Peak Trough failure peak 
distance distance 
N cm cm 
395 334 157 124 19.0 18.6 
378 338 160 135 17.0 23.0 
455 385 173 138 18.0 20.0 
